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Abstract
This research focused on developing biosensing method and biosensing device for rapid
detection of pathogens in poultry: Salmonella Typhimurium and avian influenza virus H5N1. The
first part of the dissertation reports an original research on the development of a portable
biosensing device for Salmonella detection. The device was designed and constructed based on a
previously developed optical biosensing method, using immuno-magnetic nanoparticles to
specifically capture target bacteria, and immuno-quantum dot beads to label the target bacteria for
fluorescence detection. All the actions of sample mixing, magnetic separation, and fluorescence
detection were controlled automatically in a disposable microfluidic chip in the device to simplify
the operation, avoid cross-contamination and reduce costs. Experiments were conducted to
validate the magnetic capture efficiency and evaluate the performance of the device. The results
showed that the biosensing device was able to detect S. Typhimurium with a detection limit of
5.4×102 CFU/mL in 1 h and minimal manual operation. The platform developed in this research
has the potential to be used for detection of other bacterial pathogens in food, agriculture, and the
environment.
The research described in the second part of the dissertation applied the concept of targettriggered release of cargo molecules in gold nanocages using aptamers as the biosensing element
to the development of a biosensor for thrombin detection. A label-free quartz crystal microbalance
(QCM) biosensor was designed and fabricated based on target-triggered release of cargo molecules
in gold nanocages capped with specifically selected aptamers and was evaluated for rapid,
sensitive and specific detection of thrombin. The biosensor had a linear detection range of 0.008686 nM with a limit of detection of 0.8 pM, and the specificity of the biosensor was confirmed by

testing against other proteins at 1 µM. The detection could be completed within 1.5 h. This work
provided an innovative method for sensitive sensing of small molecules on a QCM platform.
The third part of the dissertation presents a fluorescent biosensor developed for detection
of avian influenza virus H5N1 in poultry based on the concept proved in thrombin detection.
Aptamers against H5N1 virus were used as the target-triggered gates over gold nanocages to
selectively release the rhodamine B molecules for generating fluorescence signals. The biosensor
had a linear range of 2-3 to 24 HAU/50 µL and 20 to 24 HAU/50 µL for AIV H5N1 in phosphate
buffered saline (PBS) and chicken tracheal swab samples, respectively, and a limit of detection of
0.1 HAU/50 µL and 0.7 HAU/50 µL for AIV H5N1 in PBS and chicken tracheal swab samples,
respectively. The biosensor was specific to the target H5N1 virus by testing against avian influenza
virus H1N1, H2N2, H5N2, and H7N2 at 1 HAU/50 µL. Parallel tests using real-time RT-PCR
were conducted to confirm the results of the developed biosensor. This biosensor has the potential
for simultaneous detection of multiple viral pathogens using their specific aptamers and
fluorophores with different emission wavelengths loaded in gold nanocages.
Keywords: Fluorescent biosensor; Portable device; QCM biosensor; Target-triggered
release; Salmonella Typhimurium; Avian influenza virus H5N1
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Chapter 1 Introduction
Biosensors are devices that combine bioreceptors (such as enzyme and antibodies) for
sensing of target analyte and a transducer (such as an electrochemical or optical component) for
generating detectable signals. A report titled “Biosensors market size, share & trends analysis
report, 2020 – 2027” (Grand View Research, 2020) stated that the global market for biosensors
was worth 19.6 billion dollars in 2019, and will continue a growth rate of 7.9% each year during
2020-2027. According to this report, in the U.S., the market size of electrochemical biosensors,
optical biosensors, thermal biosensors, and piezoelectric biosensors continues to grow from 2016
to 2028, with electrochemical biosensors dominating the market; in Canada, medical biosensors
take up over 50% of the market, which is predicted to grow even larger; in China, point of care
(POC) testing took the largest biosensors market share in 2019. It is clear that biosensors for
medical use and life sciences dominate the market, and it is predicted that agricultural biosensors
such as biosensors for microbes, pesticides, and heavy metals will have the fastest growth. The
need for simple, rapid, cost-effective and disposable biosensors is present now and will continue
to grow.
Biosensor-related research has also grown rapidly over the past 20 years. Figure 1.1 shows
a general trend of the number of research published, as a steady growth is clearly shown. There
are four major kinds of biosensors based on transducing method: electrochemical biosensors,
optical biosensors, thermal biosensors, and piezoelectric biosensors. At the same time, biosensors
can be classified based on biosensing material or bioreceptors, such as enzymatic sensors,
immunosensors, DNA/RNA sensors, cell sensors, and more. While the biosensing research
continues to grow, it can still be observed that different kinds of biosensors take up a similar share
over the years, while electrochemical biosensors remain the most widely investigated ones. Since
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the invention of the Clark electrode in 1962, biosensors have been widely used for medical &
biomedical, environmental, food, and agricultural applications (Alocilja & Radke, 2003; Bahadır
& Sezgintürk, 2015; Murugaboopathi et al., 2013; Tothill, 2001). However, it seems that the Clark
electrode, or rather the glucose meter, is still one of the most (if not the most) successful biosensor
in use. Although in concept, biosensors are ideal as portable and cost-effective tools (Goode,

Number of publications

Rushworth, & Millner, 2015), many innovative research prototypes might not make it to the market.
35000
30000
25000
20000
15000
10000
5000
0

Year
electrochemical

optical

thermal

pizeoelectric

Figure 1.1. Number of publications on different types of biosensors from 2000 to 2019 based on
search results from google scholar (https://scholar.google.com/).
Aside from lack of financial support, the commercialization of biosensor also meets with
technical challenges, including problems with sensitivity, versatility, stability, sample variability,
and sampling (Scognamiglio et al., 2010). Among these problems, sensitivity, stability, and
versatility are the must-solve challenges to deal with in development of biosensors. In this research,
three types of biosensors were developed with different applications. The first one is a fluorescent
immunosensor with an emphasis on the development of a semi-automated portable biosensing
device for detection of Salmonella Typhimurium, in order to improve the versatility with laborsaving operational procedure and the sampling problem with magnetic separation. The second one

2

is a quartz crystal microbalance aptasensor using thrombin as a target, and proved a new biosensing
method based on target-triggered release of cargo molecules from gold nanocages. Compared to
other sensitive biosensors with complicated steps, this biosensor is label-free, simple, and reliable.
The third one is a fluorescent aptasensor based on the concept used in the second biosensor, which
was applied to viral detection. The biosensor was validated with chicken swab samples spiked with
avian influenza virus H5N1, demonstrating the biosensor’s ability to work with complex samples
in application conditions. This research provided insights of novel biosensors for rapid detection
of bacterial and viral pathogens in poultry, addressing food safety issues for improving human
health.
1.1 References
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Chapter 2 Objectives
The overall goal of this research is to develop biosensors that are rapid, sensitive, and
simple for detection of protein, bacteria, and virus, mainly Salmonella Typhimurium and avian
influenza virus H5N1. The purpose of this research is to design innovative nanomaterial-based
biosensors, simplify biosensors’ operation for users, and transfer biosensing methods into
automated/semi-automated biosensing devices, with features of rapidity, sensitivity, and reliability
for their use in food, agriculture, and the environment.
The specific objectives of this research were:
1. To develop a portable biosensing device with magnetic separation and quantum dot bead
labeling for simple, rapid and quantitative detection of S. Typhimurium.
The sub-objectives of this part of the research were:
a. To design and test the biosensing method using magnetic nanoparticles for
separation, and quantum dot beads for fluorescence detection;
b. To transform the developed manual optical biosensing method into a portable
biosensing device with minimal manual operations; and
c. To evaluate the biosensing device for simple, rapid, and quantitative detection of S.
Typhimurium.
2. To develop a label-free quartz crystal microbalance (QCM) biosensor based on gold
nanocages capped with specific aptamers for rapid detection of thrombin as proof-ofconcept for later study on detection of avian influenza virus H5N1.
The sub-objectives of this part of the research were:
a. To design molecules loaded gold nanocages (AuNCs) capped with aptamers as
biosensing material for signal generation;
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b. To simplify the detection process and shorten the detection time of thrombin by the
target-triggered release mechanism of the loaded and capped AuNCs; and
c. To develop a QCM biosensor for simple, rapid, and sensitive detection of thrombin.
3. To develop a label-free fluorescent biosensor for rapid detection of avian influenza virus
H5N1 in poultry.
The sub-objectives of this part of the research were:
a. To apply the previously developed cargo molecules loaded and aptamer capped
AuNCs to the detection of avian influenza virus H5N1 to show the versatility of the
biosensing principle;
b. To develop a fluorescent biosensor for simple, rapid, and label-free detection of
avian influenza virus H5N1; and
c. To demonstrate the application of the biosensor for detection of avian influenza
virus H5N1 in spiked chicken tracheal swab samples.

5

Chapter 3 Literature review
3.1 Food safety and foodborne pathogens
Foodborne illnesses pose threat to public health and lead to heavy costs in health care
around the world. Unsafe food has caused more than 200 diseases by far, resulting in an estimated
600 million illnesses each year, including 420,000 deaths (WHO, 2020). According to a report on
the impact of unsafe food published by the World Bank in 2018, there is a loss of $110 billion due
to unsafe food in low and middle-income countries, where $95.2 billion was for the total
productivity loss associated with foodborne disease, and $15 billion for medical care. There are
other costs that were difficult to quantify such as sales loss, trade income, and environmental
burden (The World Bank, 2018). Salmonella, Campylobacter, and Escherichia coli are the most
common foodborne pathogens worldwide (WHO, 2020).
In the U.S., foodborne illnesses result in more than $15.6 billion loss every year (USDAERS, 2014). It is estimated that foodborne diseases cause 47.8 million illness cases, 127,839
hospitalizations, and 3,037 deaths annually, among which 31 known pathogens (as opposed to
unspecified agents) cause 9,4 million illnesses, 55,961 hospitalizations, and 1,351 deaths. (CDC,
2018a). Norovirus, Salmonella, Clostridium perfringens, Campylobacter, and Staphylococcus
aureus are the top five foodborne pathogens in the U.S., and are accountable for 91% of number
of illnesses, 88% of hospitalizations, and 88% of deaths caused by foodborne illnesses in the U.S.
each year (CDC, 2020; Scallan et al., 2011).
3.1.1 Salmonella and salmonellosis
Salmonella is a genus of facultatively anaerobic Gram-negative bacteria that belong to the
family Enterobacteriaceae. Salmonella cells are rod-shaped and flagellated with three major
antigens: H antigen (flagellar antigen); O antigen (somatic antigen); and Vi antigen (only
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possessed a few serovars). The SEM and TEM images of Salmonella cells are shown in Figure 3.1.
There are two species of Salmonella: S. enterica and S. bongori. S. enterica could be further
divided into six subspecies, and was given names with Roman numerals: I, S. enterica subspecies
enterica; II, S. enterica subspecies salamae; IIIa, S. enterica subspecies arizonae; IIIb, S. enterica
subspecies diarizonae; IV, S. enterica subspecies houtenae; and VI, S. enterica subspecies indica.
S. enterica subspecies enterica takes up 99.5% of the isolated strains (Fuche, Sow, Simon, &
Tennant, 2016). The S. enterica subspecies are classified based on biochemical features and
genomic relatedness (Brenner et al., 2000). Further classification into serogroups is based on
surface O antigens, and individual serovars are differentiated by flagellar H antigen and
biochemical tests. There are more than 2,600 serovars and more than 50 serogroups so far (GalMor, Boyle, & Grassl, 2014). New strains of Salmonella including multidrug-resistant Salmonella
serotype Typhimurium and Salmonella serotype Enteritidis have increased in prevalence in the
U.S. in recent years (Voetsch et al., 2004).

Figure 3.1. (A) SEM (100,000×) and (B) TEM (25,000×) images of Salmonella (Sheen, Cassidy,
Scullen, Uknalis, & Sommers, 2015). Reprinted with permission from Elsevier.
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People get Salmonella infection (salmonellosis) through contaminated food, and common
symptoms include diarrhea, fever, abdominal cramps, and vomiting; sometimes Salmonella cause
infection in urine, blood, bones, joints, or the nervous system and can cause severe disease.
Children under 5 years old are most susceptible to Salmonella infections; infants, adults aged 65
and older, and people with a weakened immune system have the highest chance to get severe
infections compare to people from other groups (CDC, 2019c). It is estimated that Salmonella
causes 1,027,561 illnesses, 19,336 hospitalizations, and 378 deaths in the U.S. each year, and
ranked second in number of illnesses (11%), ranked first in number of hospitalizations (35%), and
ranked first in number of deaths (28%) among all the causes of foodborne illnesses (Scallan et al.,
2011). Salmonella is also one of the most common foodborne bacteria in poultry (Hafez & ElAdawy, 2019).
The infectious dose of pathogens varies depending on both the pathogens and the host. If
the pathogens are consumed in food that could protect bacteria from stomach acid (i.e. liquid food
that could neutralize the stomach acid), the infectious dose would further decrease as the number
of survived Salmonella increased (CDC, 2013). Mostly, the infectious dose of Salmonella would
be more than 105 CFU (colony forming unit), but could also be as low as even 1 CFU (Bhunia,
2018; Silva, Magalhães, Freire, & Delerue-Matos, 2018). Therefore, sensitive and reliable methods
for Salmonella detection are needed.
3.1.2 Conventional methods for detection of Salmonella
The conventional methods for detection of Salmonella include culture plating methods,
nucleic acid-based methods, and enzyme-linked immunosorbent assay (ELISA). Before the
detection of Salmonella with various methods, sampling steps are needed. The standard sampling
method for Salmonella is listed in ISO 6579-1:2017. Briefly, for poultry samples, the process starts
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from pre-enrichment and followed by selective enrichment and isolation steps. For example, in
poultry meat sample collection, 25 g of chicken carcass obtained from a poultry processing plant
or grocery store will be put into a Whirl-plastic bag along with 225 ml of 0.1% buffered peptone
water and mechanically shaken for 2 min. After non-selective incubation, different strategies could
be applied based on the detection methods. Selective incubation is used for culture plating methods,
where as other separation methods such as filtration, centrifugation (Che, Li, Slavik, & Paul, 2000;
Su & Li, 2005; Yang & Li, 2005), and magnetic separation (Gilbert, O'Leary, Winters, & Slavik,
2003; Kumar, Balakrishna, & Batra, 2008; Silva et al., 2011; Suo, He, Tu, & Shi, 2010; Yang &
Li, 2006) could be used for nucleic acid-based methods, and ELISA.
Culture plating. The culture method, also known as aerobic plate count (APC) or standard
plate count (SPC), is the gold standard in food microbiology (Uyttendaele et al., 2014), which is
highly reliable and sensitive. Samples that are serial diluted are normally pour-plated or surfaceplated on non-selective media such as tryptic soy agar (TSA) and plate count agar (PCA) (Bugno,
Almodóvar, & Pereira, 2010). Naturally, this is the gold standard for Salmonella detection (Rohde
et al., 2017). According to ISO 6579-1 for Salmonella Detection in the Food Chain (ISO 65791:2017), there are four steps to conduct Salmonella detection: (1) pre-enrichment (incubate a
sample in buffered peptone water (BPW) for 18 ± 2 h at 34 - 38°C); (2) selective enrichment
(incubate the previous BPW with Rappaport-Vassiliadis soya broth or Modified Semi-solid
Rappaport-Vassiliadis agar for 24 ± 3 h at 41.5°C; and incubate the previous BPW with MullerKauffmann tetrathionate-novobiocin agar for 24 ± 3 h at 37°C); (3) plating-out (plate on Xylose
Lysine Deoxycholate agar and incubate for 24 ± 3 h at 37°C, followed by second isolation agar;
and (4) growth interpretation and confirmation by biochemical and serological tests. Theoretically,
this method could detect Salmonella as low as 1 CFU per sample. However, this method takes 2-
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3 days to give out results, and it takes up to more than 1 week to confirm the specific pathogenic
microorganisms (Zhao, Lin, Wang, & Oh, 2014).
Nucleic acid-based methods. Polymerase chain reaction (PCR) is a typical representative
of this method and also most widely used. PCR steps include denaturation, annealing, elongation,
and amplification. As the main alternative of the gold standard (Uyttendaele et al., 2014), PCR
usually takes 6-12 h to get results (Mandal, Biswas, Choi, & Pal, 2011), which is much faster than
culture plating method. It is also high-throughput and highly sensitive (Gilbert et al., 2003).
However, the detection process requires an expensive thermal cycler for instrumentation. Faced
with this challenge, isothermal amplification methods with single temperature reaction were
developed, and better suit low-resource settings application (Li & Macdonald, 2015). Overall,
acid-based methods could be as sensitive in limit of detection and faster than culture plating
methods, but have the limitations of complicated nucleic acid extraction steps, expensive
instruments, and false positive and negative results (Thanh, Agustí, Mader, Appel, & Codony,
2017; Truchado, Gil, Kostic, & Allende, 2016; Uyttendaele, Vanwildemeersch, & Debevere,
2003).
Enzyme-linked immunosorbent assay (ELISA). Various ELISA methods have been
developed for Salmonella detection, and there are also ELISA kits available on the market. A
typical ELISA method uses a solid-phase enzyme immunoassay for target fixation and use labels
for indication purpose. In a typical setting, first, antibodies against the target would be bind to a
solid surface (a 96-well microplate), and then the target can be specifically captured. After that,
antibodies (usually different from the formal antibodies) against the target would be added and
bind to the target. These antibodies are also covalently linked to labels such as enzyme. Finally,
the substrate specific to the enzyme would be added and catalyzed at the presence of enzyme,
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giving out detectable signals for sensitive detection. In many cases, the color change could be
detected in form of absorbance, which achieves a fast and qualitative detection (Lequin, 2005).
Overall, ELISA usually takes 3-6 h without pre-enrichment with a limit of detection at 104-106
CFU/mL (Zhang, Xu, Guo, & Hong, 2018). Therefore, it is also rapid and high throughput method
(Shan et al., 2016). However, it also has the problem of false positives.
3.2 Poultry diseases and avian influenza viruses
3.2.1 Avian influenza and avian influenza virus H5N1
Avian influenza is caused by avian influenza A viruses (CDC, 2019a, 2019b). These
viruses originated wild aquatic birds worldwide and can infect domestic birds as well as other bird
and animal species. For poultry (domestic birds), there are two ways they may get infected: through
direct contact with other infected birds, or through contact with contaminated surfaces. Based on
the molecular characteristics, spread speed, and lethal level, avian influenza viruses could be
divided into low pathogenic avian influenza A viruses (LPAI) and highly pathogenic avian
influenza A viruses (HPAI). LPAI viruses would cause no disease or mild symptoms and signs
such as a drop in egg production, and may not be detected. However, HPAI infections could be
severe and lethal, and often lead to death (90% to 100% mortality) within 48 h.
Avian influenza A virus is a type of influenza A virus. It is negative-strand RNA virus and
belongs to the Orthomyxoviridae family. The virus has a diameter of 80 to 120 nm (Elfidasari,
Solihin, Soejoedono, Murtini & Noor, 2012). It is a type of enveloped virus, and is divided into
subtypes based on their surface glycoproteins, including hemagglutinin (HA) and neuraminidase
(NA). A typical structure of avian influenza A virus is shown in Figure 3.2. Both HA and NA can
recognize sialic acid to achieve virus infection. HA binds to sialic acids on the cell surface to
initiate the infection; then after the viral replication is done, NA binds to the sialic acids and
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catalyzes its breakdown and in this way releases the new viruses to complete a viral replication
cycle (Gamblin & Skehel, 2010). Both HA and NA stimulate immune response, with HA being
the most significant protein that triggers antibody-antigen response against influenza virus. In other
words, HA are natural targets for antibodies, and therefore used as targets in immuno-based
biosensing methods. Because of the unique feature of these surface glycoproteins, aptamers have
also been developed targeting HA (Johansson, Bucher, & Kilbourne, 1989; Wang et al., 2013).

Figure 3.2. Scheme of avian influenza virus (Saviñon-Flores et al., 2021). Reprinted with
permission from MDPI.
Avian influenza virus (AIV) H5N1 is highly pathogenic to human and circulates among
poultry and wild birds, posing a threat to human health through poultry markets (Chen et al., 2005;
WHO, 2008). A TEM image of H5N1 virus is shown in Figure 3.3. AIV H5N1 can cause severe
respiratory diseases in birds. In fact, the virus has been detected in birds from more than 50
countries, and Bangladesh, China, Egypt, India, Indonesia, and Vietnam were considered endemic
for AIV H5N1 in poultry. The Food and Agriculture Organization (FAO) estimated that H5N1
virus has led to the death or destruction of more than 200 million birds worldwide, and economic
losses of over $20 billion (Kumar, Joshi, Datta, & Singh, 2008).
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Figure 3.3. TEM image of influenza virus particles (Palese & Wang, 2012). Reprinted with
permission from PNAS.
Although it is difficult for the virus to transfer from birds to people, it still occasionally
occurs, with a 60% mortality rate if infected (WHO, 2011). Just from January 30th to April 15th in
2021, a total number of 25 human infections with AIV, including two cases of H5N6, 7 cases of
H5N8, 3 cases with H5 viruses, 10 cases with H9N2, 2 cases with H1N1 variant viruses, and 1
case with H3N2 variant (WHO, 2021). The first documented human infection case of AIV H5N1
was in 1997, when a Hong Kong boy was admitted to the hospital and died (Claas et al., 1998). So
far, the total number of human infection cases that have been reported to WHO is 862, including
455 deaths worldwide from 2013 to 2021 (CDC, 2021). Also, since flu viruses constantly change,
AIV such as H5N1 has pandemic potential (CDC, 2018b). Therefore, it is crucial to be able to
identify and track the virus, and the key is to achieve rapid and reliable detection of AIV H5N1.
3.2.2 Conventional methods for detection of avian influenza virus H5N1
Virus culture with identification. This is the gold standard for AIV H5N1 detection.
Virus culture can multiply viruses for sensitive detection, and identification methods include PCR,
immunofluorescence (IFA), haemagglutination (HA), haemagglutination-inhibition (HI) methods,
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etc. Virus culture with identification is sensitive and could collect viruses for further
characterization, but can take up to 2 weeks (Ng, Cheng, Ng, Hoang, & Lim, 2005). As this method
works with live virus, strict biosafety precautions must be taken, and BSL-3 facilities are
recommended. Also, highly pathogenic avian virus such as H5N1 could be virulent, making it
more difficult to perform standard egg culture amplification approaches (WHO, 2007).
There are different quantification methods for AIV and these methods have their own units.
The units that are most commonly used for AIV H5N1 are: plaque-forming unit (PFU),
hemagglutination unit (HA unit, HAU), 50% embryo infectious dose (EID50), and 50% tissue
culture infective dose (TCID50). (1) One PFU is one visible plaque observed on the plates. PFU is
determined by plaque assay. Serially diluted samples are added to a monolayer of cells on the
plates, and each well-dispersed virus would infect cells and reproduce, until enough viruses have
infected enough cells for the naked eyes to observe a circular zone of infected cells - a plaque. It
is noted that the PFU counts only quantify viable particles since defective viral particles would not
infect the target cells and thus will not produce a plaque. (2) One HAU is the minimum amount of
virus that could cause red blood cells to completely agglutinate (Grimes, 2002). HAU is
determined through hemagglutination assay, where a twofold serial diluted samples are added to
red blood cells. The highest dilution with agglutination could be recorded as HA titer of the sample,
whereas the last dilution is considered the minimum amount of virus capable of causing
agglutination. In a standard condition, 1 HA unit corresponds to 104 particles/mL (Ryu, 2017). (3)
The amount in ELD50 refers to the amount of virus that will infect 50 percent of inoculated eggs.
The quantification method was developed from calculation of 50% endpoint by serial dilution by
Reed and Muench (Reed & Muench, 1938). And (4) the amount of H5N1 in TCID50 is determined
through endpoint dilution assay to measure the infectivity towards cells such as the Madin-Darby
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Canine Kidney (MDCK) cells (Wanasawaeng, Bunpapong, & Thanawongnuwech, 2008).
Approximately, the conversions among these units are 1 HAU = 1 × 105 PFU; 128 HAU/50 μL =
1 × 106.2 EID50/mL (Ahmed, Nagy, & Neethirajan, 2017). 1 TCID50/mL = 0.5-0.7 PFU/mL.
Nucleic acid-based method. Polymerase chain reaction (PCR) is a typical nucleic acidbased method, which is faster than the virus culture method and highly sensitive and specific
(Kwon, Lee, Jang, Seo, & Lim, 2018). Conventional reverse transcriptase polymerase chain
reaction (RT-PCR) and real-time RT-PCR assay are widely used methods for sensitive detection
of the virus. The detection time (including the time for RNA extraction) is 6-8 h for conventional
RT-PCR, and 3-4 h for real-time RT-PCR. This method is highly specific based on the design of
primers and other sequences during the detection. However, the detection usually requires
expensive equipment, trained personnel, laboratory conditions, and complex steps (Hoffmann et
al., 2007; Payungporn et al., 2006).
The sample preparation process for PCR is also complex and requires a laboratory
environment. For detection of AIV H5N1, RNA extraction is needed before performing PCR steps.
Take a commercialized RNA extraction kit (QIAamp viral RNA mini kit from QIAGEN, Hilden,
Germany) as an example, the RNA extraction process is briefly as follows: The sample needs to
be lysed to acquire viral RNA, and the RNases need to be inactivated, so that viral RNA can be
preserved. Then the RNA would bind to the membrane under adjusted buffering conditions after
the sample is loaded onto spin column. After several rounds of washing to get rid of the
contaminants, the RNA could be eluted and collected for further use.
Rapid antigen method. This method is also recommended by WHO (2007). A typical
rapid method is ELISA. As this method is well-developed with many commercialized detection
kits available, this method can be cost-effective, rapid, and practical for in-field use. The detection
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usually takes 3-6 h, which makes it a rapid method compared to virus culture and PCR, but the
sensitivity of ELISA is usually not as good as the PCR methods (Deng et al., 2011). Moreover, as
the bioreceptor are antibodies and they target certain antigens (i.e. surface protein), this method
has less specificity due to limited ability to differentiate AIV H5N1 virus from other AIV subtypes
with similar antigens (Chan et al., 2007). Also, cross-reacting antibodies could yield false positive
signals (Stelzer-Braid et al., 2008). The specificity against H5N1 virus could be improved using
antibodies against H5 in ELISA tests, but in this case the specificity against non-H5 influenza A
or B virus could be validated, but the specificity against other AIV H5 subtypes (H5N2, H5N3,
H5N4, H5N5, H5N6, H5N7, H5N8, and H5N9) remained questionable or still needed
improvement (Chen et al., 2008; Ho et al., 2009; Prabakaran et al., 2009). Overall, rapid antigen
tests are simple, rapid, and cost-effective, but have limited sensitivity and specificity for detection
of AIV H5N1, with false positive issues.
3.3 Biosensors
A biosensor is an analytical device using biological components for the detection of
analyte. A typical construction of a biosensor is shown in Figure 3.4. The biological components,
also known as biosensing materials or bioreceptors, are responsible for specific recognition of the
analyte. Bioreceptors include antibodies, aptamers, enzymes, nucleic acids, bacteriophage, whole
cells, tissues, organelles, biomimics, and more. Transducers convert these biological signals into
electrical signals for further data analysis. Transducers may be optical (including absorption,
surface plasmon resonance, chemiluminescence, bioluminescence, fluorescence, and optical
fiber), electrochemical (including voltammetric, amperometric, potentiometric, conductive,
capacitive, and impedance), mass or piezoelectric (quartz crystal microbalance, surface acoustic
wave), thermal, and others.
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Figure 3.4. The schematic frame of a typical biosensor (Xu, Wang, & Li, 2017). Reprinted with
permission from Elsevier.
3.3.1 Different biosensors based on bioreceptors
Biosensors could be classified into different types based on the bioreceptors used. The most
commonly used bioreceptors are antibodies and aptamers. Nanobodies are single-domain
antibodies fragments derived from heavy-chain antibodies (Siontorou, 2013). A list of advantages
and disadvantages of these bioreceptors is shown in Table 3.1.
Table 3.1. Comparison of antibodies and aptamers as bioreceptors used in biosensors.
Bioreceptor
Antibody

Nanobody

Aptamer

Advantages
High affinity; high specificity
(monoclonal>polyclonal)
High affinity; high specificity;
high stability; less steric
hindrance
High stability; high affinity; high
specificity; easy production; low
cost; versatile immobilization

Immunosensors

(antibody/antigen-based

Disadvantages
Poor stability; long production
time and high cost
(monoclonal>polyclonal)
Hard to produce (hosts;
biohazards); immature technology
Degrade in biological media
(RNA aptamer)

biosensors).

Antibodies

(Abs)

or

immunoglobulins (Igs) are highly soluble proteins produced by the immune system (Sharma,

17

Byrne, & O'Kennedy, 2016). Distinguished by the type of heavy chain they contain, antibodies
can be divided into five classes: IgG, IgM, IgA, IgE, and IgD. The basic structure of antibodies
consists of two building blocks: the antigen-binding fragment (Fab) and the constant fragment (Fc).
And therefore, researchers have made efforts to orientate the antibodies when immobilizing them
on surfaces (e.g. the use of protein A for binding to the constant fragment) so that the antigenbinding fragment could be more exposed to targets for improved capture rate and higher sensitivity
(Trilling, Beekwilder, & Zuilhof, 2013).
There are two types of antibodies that are commonly used for biosensing: monoclonal
antibodies (MAbs) and polyclonal antibodies (PAbs). Monoclonal antibodies are highly specific
and highly homogenous, targeting only one specific epitope. Compared to MAbs, polyclonal
antibodies usually have lower costs and faster production speed, but there could be more nonspecific bindings to other non-target molecules. A sandwich ELISA is a typical application of both
MAbs and PAbs, where PAbs are usually used as the capture element in order to bind to as many
targets as possible, and MAbs are used as the detection element in order to achieve highly specific
detection of the target (Holden, Moen, Sletten, & Dooper, 2007).
Antibodies are widely used for biosensing technologies, such as combining with
nanoparticles for their large surface-to-volume ratio and other unique properties in separation (
Guo et al., 2019) and detection (Cho & Irudayaraj, 2013), or combining with different surfaces for
applications in different platforms (Shoute et al., 2018). So far, antibodies are the most popular
biorecognition element in use because of their excellent affinity and specificity. However, there
are also obstacles for a wider application of antibodies, including instability in varied environment
(irreversible denaturation in high temperature), long development process, and relatively high cost.
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Aptasensors (aptamer-based biosensors). Aptamers are single stranded DNA or RNA
oligonucleotides that can form secondary or tertiary structures and bind to a wide range of targets
(Mayer, 2009). Mostly, the sequence of DNA or RNA aptamers is determined through systematic
evolution of ligands by exponential enrichment (SELEX), where the target of choice is usually in
a fixed position, and a library of random nucleotides-assuming the sequence of compatible
aptamers is included in that library-would be mixed with the targets and then mostly washed away,
leaving the potential aptamers with the targets (Berezovski, Musheev, Drabovich, & Krylov, 2006;
Dwivedi, Smiley, & Jaykus, 2013; Wakui et al., 2019; Wang et al., 2013). With several rounds of
partitioning and amplification, the nucleotides with good affinity and specificity are expected to
be the remaining ones, and they would be new aptamers. Therefore, aptamers as artificially
selected nucleotides have good affinity and specificity for their targets (Gopinath, 2007).
3.3.2 Different biosensors based on transducers
Based on transducers, biosensors can be further divided into different types:
Optical biosensors. Optical biosensors use optical transducers and can detect changes in
optical properties, such as absorption, reflectance, fluorescence, etc., and the optical signals would
then be transferred into electrical signals to be measured. Therefore, optical biosensors are usually
very rapid for detection. Most optical biosensors consist of four parts, as shown in Figure 3.5:
bioreceptors to specifically recognize and capture the target; substrates to immobilize receptors on,
for convenience of later collection or detection of the target; signal amplification methods to
magnify the signal (e.g., by increasing the reaction speed using enzyme), so as to increase the
sensitivity of the biosensor; and sensing approaches, either with the naked eye or optical
instruments, to detect the optical properties.
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Figure 3.5. Operating steps in developing a pathogenic microbe-detecting sensor. Schematic
illustration of representative components and techniques applied to date that can be integrated
into a biosensor for the detection of pathogenic microbes: (A) substrate, (B) receptor, (C) signalamplification method, and (D) sensing approach (Yoo & Lee, 2016). Reprinted with permission
from Elsevier.
The most commonly used optical biosensors include colorimetric biosensors, fluorescent
biosensors, surface-enhanced Raman scattering (SERS) biosensors, and surface plasmon
resonance (SPR) biosensors (Yoo & Lee, 2016). Colorimetric biosensors could be rapid, cost-
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effective, adaptable, and simple (Sabela, Balme, Bechelany, Janot, & Bisetty, 2017; Yu & Li,
2019). Combined with small digital cameras, colorimetric biosensors have great potential to be
adapted for in-field applications (Pohanka, 2020). Fluorescent biosensors are highly sensitive, and
can provide both in vivo and in vitro detections of a wide variety of analytes (i.e. ions, metabolites,
protein biomarkers, microbes) or monitor the activities and status of targets (Mehrotra, 2016; Su,
Jia, Hou, & Lei, 2011). Both SERS and SPR biosensors enable label-free detection of targets with
high simplicity and less reagent consumption. SPR biosensors could achieve real-time monitoring
of biomolecular interactions, and many label-free applications have been developed to simplify
the detection process (Srivastava & Prajapati, 2020; Vahed & Nadri, 2019). SERS biosensors
enhances Raman scattering of molecules adsorbed on surfaces by several orders of magnitude, and
could be very rapid and sensitive (Mosier-Boss, 2017; Muhammad & Huang, 2021).
Electrochemical biosensors. Electrochemical biosensors are the oldest and most popular
biosensors, and can be further classified into types such as voltammetric, amperometric,
potentiometric, conductive, capacitive, and impedance biosensors. These biosensors were
differentiated based on the electrical properties measured, including impedance, resistance, current,
voltage, and potential. Electrochemical biosensors are cheap, portable, easy to operate, fast, and
relatively cost-effective with high sensitivity and selectivity (Anusha, Kim, Yu, & Raj, 2019; Li,
Yu, Han, & Lai, 2019). Usually, bioreceptors are immobilized on the surface of electrodes, and
the targets would bind to the biosensing materials, which would influence the transition of
electrons and thus cause changes in electrical properties, indicating the presence of targets. There
are both labeled and label-free electrochemical biosensors. A typical electrochemical biosensor is
displayed in Figure 3.6 (Soares et al., 2020). Antibodies were immobilized on a laser-induced
graphene (LIG) electrode. Targets were added to the surface of the electrode and captured by the
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antibodies, causing impedance changes that could be measured. This biosensor could achieve
sensitive and rapid detection of the targets, and offered a rapid and low-cost alternative to
laboratory techniques.

Figure 3.6. Illustration of the fabrication, biofunctionalization, and sensing scheme of the laserinduced graphene (LIG) immunosensor (Soares et al., 2020). Reprinted with permission from
American Chemical Society.
Piezoelectric biosensors. Piezoelectric biosensors use quartz crystal microbalance (QCM)
transducers and detect changes of the resonance frequency of crystals, which could indicate the
changes in the mass on its surface (Singh, Vyas, Wang, & Prasad, 2020). A QCM electrode
generally consists of two parts: one part is a crystal, which is responsible for shape shifting and
physical response to the mass change on its surface; the other part is a gold surface, which is
responsible for connections between the crystal and the sample, and transfers the electrical signals
to the detection module. The frequency change of a QCM electrode in air phase is a function of
surface mass, which follows the Sauerbrey equation (1959):
∆𝑓 = – 2.3 × 106 𝑓02 ∆𝑀/𝐴

22

(2.1)

where ∆f is the change in frequency which can be measured by the QCM device in Hz; f0 is the
initial resonance frequency of the crystal in MHz; ∆M is the change in the mass in g; and A is the
surface area tested in cm2.
The frequency change of a QCM electrode in liquid phase depends on the interfacial liquid
properties (i.e., density and viscosity), thin-film stiffness, electrode morphology, and mechanism
of acoustic coupling (Rickert, Brecht, & Göpel, 1997). In semi-infinite Newtonian liquid,
Kanazawa et al. (1985) described the equation as below:
3
2

𝛥𝑓 = −𝑓0 (𝜂𝜌/π𝜇𝑄 𝜌𝑄 )

1
2

(2.2)

where Δf is the frequency change, f0 is the resonant frequency, ρ is the density of the liquid, η is
the viscosity of the liquid, ρQ is the density of the quartz crystal, and μQ is the shear modulus of the
quartz crystal.
In typical piezoelectric biosensors, bioreceptors are immobilized on the surface of the
QCM electrode, and the targets would bind to the biosensing materials, which would increase the
mass on the surface of the QCM electrode. In general, piezoelectric biosensors provide real-time
monitoring of the surface mass change and could achieve rapid and sensitive detection of targets
(Antiochia, 2021; Narita et al., 2021).
3.3.3 Biosensors for detection of Salmonella
Optical biosensors, electrochemical biosensors, and piezoelectric biosensors have been
developed for Salmonella detection. There are four types of optical biosensors for Salmonella
detection: colorimetric, surface-enhanced Raman scattering (SERS), fluorescent, and surface
plasmon resonance (SPR) biosensors. The limit of detection for Salmonella is mostly at the level
of 101 to 102 CFU/mL, within 0.5-3 h (Hahn et al., 2017; Lavu, Mondal, Ramlal, Murali, & Batra,
2016; Pearson et al., 2017; Wang et al., 2019; Yi et al., 2019). SERS and SPR biosensor included
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both label-free and label-based solutions, whereas most colorimetric and fluorescent biosensors
applied labeled nanoparticles to facilitate the detection.
Very recently, Shen, Xu, and Li (2021) reviewed and listed the fluorescent biosensors
reported for Salmonella detection from 2015 to 2020, as shown in Table 3.2. The most commonly
reported fluorescent biosensors are those based on sandwich structures. In a typical example of
sandwich-based fluorescent biosensors, magnetic nanoparticles are immobilized with bioreceptors
such as antibodies and aptamers to specifically bind to Salmonella cells for capture and separation.
Fluorophores such as quantum dots are also immobilized with bioreceptors, and specifically bind
to Salmonella cells for fluorescent labeling (Yang & Li, 2005). Based on this model, simultaneous
detection protocols of multiplex bacteria including Salmonella have been developed as well.
Various targets could be captured and separated using magnetic nanoparticles immobilized with
their specific bioreceptors, and could be labeled with quantum dots with different emission
wavelengths and also their specific bioreceptors for fluorescence detection at different peaks
simultaneously (Xu et al., 2015; Yang & Li, 2006). The limit of detection of such sandwich-based
method varied from 101 to 103 CFU/mL, and depending on the order and incubation time of using
magnetic nanoparticles and fluorescent labels, the detection time was 1-2.5 h.
Another type of fluorescent biosensors is based on Förster resonance energy transfer
(FRET). Förster or fluorescence resonance energy transfer describes energy transfer when
chromophores are within close distance to each other (1-10 nm) (Clegg, 1995; Shi et al., 2015). In
many cases, FRET biosensors developed for Salmonella detection would design protocols and use
the presence of targets such as specific DNA sequences of Salmonella cells to trigger the change
of distance between chromophores, to either increase their distance larger than 10 nm
(fluorescence enhancement, or “turn-on” mode), or to decrease their distance less than 10 nm
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(fluorescence quenching, or “turn-off” mode) (Chini, Kumar, Maiti, De, & Satapathi, 2019). An
example of FRET biosensor in “turn-on” mode is shown in Figure 3.7 below. Quantum dots were
immobilized with bioreceptors such as aptamers, which were absorbed onto graphene oxide
through electrostatic interaction, and in this way the fluorescence of quantum dots was quenched.
At the presence of Salmonella cells, the aptamers would bind to target Salmonella instead due to
their high affinity for Salmonella, and as the aptamers desorbed from the graphene oxide, the
fluorescence of quantum dots could be “turned on” and generate detectable fluorescence signals.
This method achieved a detection limit of 10 CFU/mL within 15 min (Renuka, Maroli, Achuth,
Ponmalai, & Kadirvelu, 2020).

Figure 3.7. Schematic of a FRET-based aptamer assay for the detection of Salmonella paratyphi
A (Renuka et al., 2020). Reprinted with permission from Elsevier.
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Table 3.2. Summary of the fluorescent biosensors reported for Salmonella detection. Adapted from the article by Shen et al. (2021).
Reprinted with permission from Wiley-Blackwell.
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Detection format

Bioreceptor

Application

Linear detection
range

Limit of
detection

Assay
time

Reference

Sandwich (MNPs and
QDs)
Sandwich (MBs and
QDs)
Sandwich (MNPs and
TRFL nanoparticles)
Sandwich (MNPs and
FMSs)
Sandwich-MNPs and
MnO2 nanoflowers–QDs
Sandwich (MNPs and
ZnO capped mesoporous
SiNPs loaded with
curcumin)

Antibody
and aptamer

Ground beef

10 to 104 CFU/mL

750 CFU/mL

≤2.5 h

(Xu et al., 2015)

Antibody

Milk

60 CFU/mL

≤1 h

(Yin et al., 2016)

Aptamer

Milk

15 CFU/mL

–

(Wang et al., 2016)

Antibody

Apple juice

58 CFU/mL

≤2 h

(Wang et al., 2019)

Antibody

Chicken meat

43 CFU/mL

–

(Hao et al., 2020)

Antibody

Chicken

102 to
107 CFU/mL

40 CFU/mL

1.5 h

(Huang et al., 2020)

FRET (QDs and GO)

DNA probe

–

–

∼4 nM

20 min

FRET (UCNPs and
AuNRs)

Aptamer

Milk

12 to 5 ×
105 CFU/mL

11 CFU/mL

–

FRET (QDs and CNPs)

Aptamer

50 to 106 CFU/mL

35 CFU/mL

–

(Duan et al., 2015)

FRET (ROX and CNPs)

Aptamer

50 CFU/mL

–

FRET (QDs)

Antibody

Eggshells

10 CFU/mL

1 to 2 h

FRET (FAM and MoS2Ns)

Aptamer

Tap water and
skimmed milk

10 CFU/mL

–

(Duan, Gong, Wang,
& Wu, 2016)
(Wang, Wang, Jin,
Ma, & Cai, 2015)
(Singh, Gupta,
Sinha, Kumar, &
Bhalla, 2016)

Shrimp and
chicken breast
Milk and
salmon

5 × 102 to
5 × 106 CFU/mL
102 to
105 CFU/mL
1.4 × 102 to
1.4 × 106 CFU/mL
102 to
7
10 CFU/mL

102 to
106 CFU/mL
75 to 5 ×
105 CFU/mL
–
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(Guo, Chan, Chen,
& Zeng, 2017)
(Cheng, Zhang,
Zhang, Wang, &
Chen, 2017)

Table 3.2. (Cont.)
Detection format
FRET (NaYF4:Ce/Tb
nanoparticles and FAM)
FRET (fluorescein and
GO)
FRET (FAM and NG)

Limit of
detection

Assay
time

Reference

25 CFU/mL

–

(Wang et al., 2017)

25 CFU/mL

–

(Chinnappan et al.,
2018)

50 CFU/mL
in milk
733
CFU/mL;
464
CFU/mL

≤2 h

(He et al., 2017)

2h

(Srinivasan,
Ranganathan, DeRosa,
& Murari, 2018)

0.5 to 15 nM

28 pM

–

(Qiu et al., 2019)

Chicken meat

102 to
107 CFU/mL

50 CFU/mL

–

(Zhang et al., 2017)

–

50 to 106 CFU/mL

28 CFU/mL

–

102 to
10 CFU/mL

12 CFU/mL

–

10 to 104 CFU/mL

10 CFU/mL

–

(Kurt, Yüce, Hussain,
& Budak, 2016)
(Yüce, Kurt, Hussain,
Ow-Yang, & Budak,
2018)
(Duan et al., 2018)
(Bayramoglu, Ozalp,
Dincbal, & Arica,
2018)

Application

Aptamer

Chicken meat
and eggs

Aptamer

Milk

DNA probe

Milk

Aptamer

–

1,530 to 6,122
CFU/mL

DNA probe

–

Aptamer
Aptamer

Label free (SG);
FRET (RB and AuNPs)
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FRET (Texas red and
MOF-NSs)
Label free (assembly of
fluorescent AgNCs)
Displacement (UCNPs
and MBs)

Linear detection
range
102 to
106 CFU/mL
102 to
7
10 CFU/mL
102 to
106 CFU/mL

Bioreceptor

Displacement (UCNPs
and MBs)

Aptamer

F0F1–ATPase aptasensor

Aptamer

Drinking
water and
skimmed milk
Milk

MCM–41 aptamer gate
system

Aptamer

Milk

2 × 103 to
104 CFU/mL

2,336 cells
in milk

<30 min

FMNPs-based
aptasensor

Aptamer

Milk

63 to 108 CFU/mL

25 CFU/mL

≤1 h

6

(Li et al., 2018)

Abbreviations: AuNPs, gold nanoparticles; MNPs, magnetic nanoparticles; AgNPs, silver nanoparticles; MBs, magnetic beads; MOF, metal-organic
framework; ROX, X-rhodamine; FAM, carboxyfluorescein; QDs, quantum dots; TRFL, time-resolved fluorescence; FMSs, fluorescent microspheres;
FRET, Förster resonance energy transfer; GO, graphene oxide; UCNPs, upconversion nanoparticles; AuNRs, gold nanorods; CNPs, carbon nanoparticles;
NG, nanographite; SG, SYBR Green I; RB, rhodamine B; AgNCs, silver nanoclusters; FMNPs, fluorescent-magnetic multifunctional nanoprobes.
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3.3.4 Biosensors for detection of avian influenza virus H5N1
Biosensors include various detection platforms to choose from, and there are a variety of
biosensing tools for rapid, sensitive and specific detection of bacteria and viruses such as AIV. For
the detection of AIV virus, nanoparticles have been used in biosensors in both labeled and labelfree applications, as shown in Figure 3.8 (Moulick et al., 2017).

Figure 3.8. Schematic representation of AIV detection methods using different nanomaterials
(Moulick et al., 2017). Reprinted with permission from Elsevier.
Aside from targeting the AIV H5N1 whole virion, there are other targets including HA
protein (H5N1 antigens) (Lee et al., 2019; Lin et al., 2017), and H5N1 DNA or RNA sequences
(Fu et al., 2017; Zhang et al., 2020). Studies focused on detection of HA protein (H5N1 antigens)
can reach a very low detection limit of HA protein, and the specificity against other interferences
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such as other proteins was validated, but the specificity against other AIV subtypes remain
unchecked. These methods are in fact biosensors for proteins and need to be further developed and
evaluated with real virus samples (Kim et al., 2021; Zhao et al., 2021). Biosensors targeting the
DNA or RNA sequences of H5N1 could be highly specific, but for biosensors targeting RNA
sequences in H5N1, the sample preparation of RNA extraction takes complex steps. A study for
H5N1 detection used DNA sequences of H5N1 genomic fragment to represent H5N1 virus, and
developed methods for sensitive detection of these DNA sequences, and the specificity against
other DNA fragments was validated. However, the application for H5N1 virus detection was not
conducted, and the specificity against other AIV subtypes was not studied (Zhang et al., 2020).
Therefore, biosensors that directly targeted on the AIV H5N1 have great significance in
the detection of H5N1 virus towards application, and are also the methods with the sample
preparation steps that are the closet to reality. Biosensors that directly target AIV H5N1 in the
past 10 years was listed in Table 3.3. Among these biosensors, QCM biosensors could achieve
real-time monitoring of the binding activities among target H5N1 virus, the bioreceptors on the
QCM electrode, and the labels that were added after AIV H5N1. When labels for signal
amplification were used, the comparison of signals before and after labels could differ in several
magnitudes. In a typical QCM biosensor, bioreceptors such as antibodies are immobilized on the
surface of a QCM electrode, and then H5N1 virus sample was added to the QCM electrode for
detection of the frequency change. Labels such as magnetic nanoparticles immobilized with
bioreceptors could be added to the QCM electrode for signal amplification (Brockman, Wang,
Lum, & Li, 2013). Therefore, QCM biosensor could provide either label-free and rapid solutions,
or sensitive methods with additional labels. Wang et al. (2017) developed a rapid, sensitive and
label-free QCM biosensor for detection of AIV H5N1 with a nanowell-based QCM electrode. The
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amount of aptamers increased 5 times due to the 3D matrix for ligand (aptamer) immobilization
of the nanowell structure, which improved both sensitivity and the speed of binding between H5N1
virus and aptamers.
Various optical biosensors have also been developed for AIV H5N1 detection. SPR
biosensors could also achieve real-time monitoring of the surface interactions on the sensor chips,
and could detect the nanoscale interface change with high sensitivity. Nguyen et al. (2016)
developed a SPR biosensor for rapid and sensitive detection of H5N1. Aptamers were immobilized
on a SPR sensor chip, and then H5N1 sample was added to the SPR sensor chip, where the H5N1
virions could be captured on the surface of the SPR sensor chip. Then gold nanoparticles
immobilized with aptamers were added and bind to the H5N1 virions for signal amplification.
They used a pair of different aptamers for SPR sensor chip surface and gold nanoparticles, and the
pair of aptamers could bind to different sites of the H5N1 virions. Xu et al. (2016) developed a
FRET-based fluorescent biosensor for H5N1 detection with a limit of detection at 0.4 HAU, which
was based on target-responsive hydrogel, and was able to complete the detection in 30 min.
Electrochemical biosensors for AIV H5N1 detection mostly include impedance biosensors
and voltammetric biosensors in recent years. These biosensors had similar settings to the QCM
and SPR biosensors, where target H5N1 virions were captured to the surface of the electrode for
detection. Labels such as nanoparticles immobilized with bioreceptors were used for signal
amplification. Hideshima et al. (2019) developed a dual-channel transistor biosensor for detection
of H1N1 and H5N1 viruses, with a wide detection range of 100.5-108.5 TCID50/mL and a low limit
of detection of 100.5 TCID50/mL. One of the biggest advantages of using field effect transistor
(FET) as the transducing element is that FET can be easily produced and very cost-effective.
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Table 3.3. Biosensors reported from 2011 to 2021 for detection of avian influenza virus H5N1.
Detection
method

Biorecognition
element

LOD

Range detected

Total
detection time

Label-free?

Reference

QCM

aptamer

0.0625 HAU

0.0625-16 HAU

10 min

yes

(Wang et al., 2017)

QCM

molecularly
imprinted
polymer

1 HAU

1-8 HAU

<1 h

yes

(Wangchareansak et al.,
2014)

(Brockman et al., 2013)
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QCM

aptamer

1 HAU

1-4 HAU

1h

labeled with
magnetic
nanobeads

QCM

aptamer

0.0128 HAU

0.0128-0.64
HAU

30 min

yes

(Wang & Li, 2013)

(Li et al., 2011)

QCM

antibody

0.0128 HAU

0.128-12.8 HAU

>1 h

labeled with
magnetic
nanobeads

optical

antibody

1.05 ng/mL

1×10−9-2.5×10−5
g/mL*

20 min

yes

(Luo et al., 2021)

(Nguyen et al., 2016)

SPR

aptamer

200 EID50/mL

0-10 EID50/mL

<1.5 h

labeled with
gold
nanoparticles

SPR

aptamer

0.128 HAU

0.128-12.8 HAU

1.5 h

yes

(Bai, Wang, Hargis, Lu,
& Li, 2012)

fluorescent

aptamer

0.4 HAU

<30 min

yes

(Xu et al., 2016)

fluorescent

nanobody

103 TCID50/mL

0.4-32 HAU
102104 TCID50/mL

< 3 min

yes

(Qu et al., 2013)

5
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Table 3.3. (Cont.)
Detection
method

Biorecognition
element

LOD

Range detected

Total
detection time

Label-free?

Reference

immunoassay
and nucleic
acid-based

antibody

1.62×101
EID50/mL

1.62×101-107
EID50/mL

>1 h 40 min

N/A

(Tang, Yu, Chen, &
Diao, 2016)
(Watanabe et al.,
2015)

antibody

>128 HAU

128–512 HAU

30 min

impedance

aptamer

0.0128 HAU

0.00128-12.8
HAU

30 min

yes

(Lum et al., 2015)

impedance

antibody

0.5 HAU

0.5-16 HAU

<1 h

yes

(Lin et al., 2015)

impedance

antibody

103 EID50/mL

101-105
EID50/mL

<2 h

labeled with
red blood cell

(Lum et al., 2012)

voltammetric

glycan

100.5
TCID50/mL

>10 min

yes

(Hideshima et al.,
2019)

voltammetric

antibody

0.0022 HAU

0.0025-0.16
HAU

>1.5 h

impedance

aptamer

0.25 HAU

0.25-16 HAU

<1 h

voltammetric

aptamer

0.00195 HAU

0.00098-4 HAU

1h

yes

(Wang, Xu, & Li,
2015)

voltammetric

antibody

0.8×10−10
g/mL

5×10−9-5×10−6
g/mL*

>3 h

yes

(Guo et al., 2013)
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strip

labeled with
sialylglyco
-polymer

8.5

10

100.5TCID50/mL

* Concentrations of H5N1 virus were presented in g/mL.
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labeled with
magnetic
nanoparticles
labeled with
gold
nanoparticles

(Zhang et al., 2017)

(Karash et al., 2016)

3.4 Nanomaterials-based biosensing techniques
3.4.1 Quantum dot-based biosensing techniques
Organic dyes and quantum dots are both commonly used fluorophores. Organic dyes such
as rhodamine B are cost-effective and well-studied for various applications. Certain chemical
structure would give out fluorescence under emission, and therefore the wavelength of the
emission light depends on the structure of the dye. This actually limits the various and highthroughput development of the dyes.
Colloidal quantum dots, also called quantum dots (QDs), qdots, fluorescent semiconductor
nanocrystals, semiconductor nanocrystals, etc., are semiconductor nanoparticles with a diameter
of a few nanometers. A typical structure of quantum dots is shown in Figure 3.9. Starting from the
1980s, the research in areas including physics, material science, chemistry has been conducted on
QDs due to their special optical properties.

Figure 3.9. The structure of a core shell QD and possible schemes for surface modification of
QDs using ligand exchange and polymer coatings (Schiffman & Balakrishna, 2018). Reprinted
with permission from Elsevier.
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The mechanism for quantum dots could be simply explained by the fact that their physical
dimensions are lesser than the exciton Bohr radius. These particles are of the same magnitude as
the de Broglie wavelength of the electron wave function (for example, for an electron with KE =
1 eV and rest mass energy 0.511 MeV, the associated de Broglie wavelength is 1.23 nm), which
could trigger quantum confinement (Cahay, 2001). The smaller the QDs are, the stronger the
confinement is, and the larger the separation of the energetic levels is. The separation of the
energetic levels leads to energy difference in different states of electrons, and this energy
difference will be transferred to the energy in photons. Therefore, the smaller QDs are, the higher
energy photons have, and for the same kind of material, the shorter the wavelength of the emission
light. For example, for the same kind of material, CdSe, QDs less than 2 nm show a blue
fluorescence, and 6 nm QDs show a red fluorescence. Moreover, for spherical QDs, quantum
confinement exists in all three dimensions. If any dimension of QD particles extend to where
quantum confinement no longer exists, the dimensions of confinement will decrease, and the
energy of the emission light will be lower (Rogach, 2008). In a word, the emission light of QDs
can be tuned in the synthesis process according to the size and shape of the QDs. Basically, QDs
can be synthesized with binary alloys of atoms or ternary alloys.
Quantum dots excel in various of fluorescent materials with many attractive properties:
Various choices of emission light color. As mentioned before, the color of the emission
light can be tuned by the size and shape of QDs, and the size and shape of QDs can be precisely
controlled by the duration, temperature, and ligand molecules used in the synthesis (Alivisatos,
1996). Also, the emission band could be affected by the selection of the material. The adequate
choices of colors could not only widen the application area for materials that need to be analyzed,
but also make it possible to detect multiple targets at the same time. For example, this research
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below used 4 kinds of QDs with 4 different emission peaks (528 nm, 572 nm, 621 nm, 668 nm) to
label 4 kinds of pathogenic bacteria (E. coli, S. aureus, L. monocytogens, S. Typhyimurium), which
are detection targets, and achieved simultaneous detection for multiple targets at the same time
(Xu et al., 2015).
Narrow emission bands. The wavelength of the emission light is fixed for QDs with
certain size, shape and material. Therefore, the emission bands are concentrated. In this way, the
fluorescence signals of QDs with different colors would be easier to separate from each other,
making it more convenient for QDs to be used as labels for different targets at the same time.
Large effective Stokes shifts. Stokes shift in fluorescence is calculated by the wavelength
difference between emission and excitation light (Albani, 2011). On the one hand, for wavelength
of the excitation light, the only requirement is for its energy to be larger than the expected emission
light, which is, the wavelength of the emission light needs to be lesser than the expected emission
light. This means the Stokes shifts can be controlled in a certain range. On the other hand, for
emission light at certain wavelengths, the wavelength of the emission light can be controlled in the
synthesis process. To sum up, unlike many fluorescent materials, QDs are easier to manipulate to
reach certain requirements.
Furthermore, QDs have other properties such as high quantum yield, broad absorption
spectra, high stability (Algar, Tavares, & Krull, 2010), etc., and all these nice properties enable
QDs make the detection process more sensitive and efficient.
3.4.2 Magnetic nanoparticles-based separation techniques
Magnetic particles, including superparamagnetic particles such as magnetic beads (<100
µm) and magnetic nanoparticles (<100 nm) have drawn great interest in different disciplines for
various applications (Wang et al., 2017). TEM and SEM images of magnetic nanoparticles are
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shown in Figure 3.10. Magnetic separation maybe one of the most important applications of
magnetic nanoparticles. The principle of immuno-magnetic separation is shown in Figure 3.11.
Magnetic nanoparticles with surface modification of antibodies (or any other receptors that could
bind to the target) can be mixed with the sample, and specifically capture the target bacteria (or
other targets). Then a magnetic field, usually 2-4 kG, would be applied to the sample, attracting
the MP-bacteria complexes to the side. After removing the supernatant, the target bacteria could
be collected and concentrated for further detection steps.

Figure 3.10. (A) TEM image of a magnetic nanoparticle. (B) TEM image of magnetic
nanoparticles. (C) SEM image of magnetic nanoparticles (Song et al., 2018). Reprinted with
permission from Springer Nature.

Figure 3.11. Principle of magnetic separation in biosensors.
Depending on the order of mixing and separation, current magnetic separation techniques
used could be divided into two kinds: (1) perform magnetic separation after the targets are captured
by the magnetic media; and (2) perform magnetic separation while the targets are being captured.
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The most important criteria for the separation method is separation efficiency. The method is
normally evaluated by tests using live bacteria. The separation efficiency (SE) is defined as: SE
(%) = Nc/N×100%, where Nc (CFU) is the number of captured bacteria, and N (CFU) is the
number of total bacteria, both gained using plating method. The research reviewed below were
chosen for their large-volume capability and satisfying separation rate (mostly >85%), and
therefore the major difference is the time needed, which is discussed below.
A common way of magnetic separation is to mix the sample with magnetic media first, and
apply a strong magnetic field to the magnetic complexes for separation. This remains true for largevolume samples as well. Pal et al. (2017) achieved the detection of Salmonella in 10 mL of milk
with a detection limit of 10 CFU/mL, by a straightforward mixing of antibody conjugated Zndoped magnetic nanoparticle clusters (Zn-MNCs) and the milk sample, which was later separated
by an external magnetic field, as shown in Figure 3.12. Since magnetic separation can be more
difficult in larger volumes, the mixing along with incubation took 2.5 h with shaking, and the ZnMNCs were synthesized for stronger magnetic properties for separation using a permanent
magnetic field.

Figure 3.12. Schematic of bacterial detection by Zn-MNCs and a portable ATP luminometer (Pal
et al., 2017). Reprinted with permission from Elsevier.
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One of the major difficulties in large-volume separation is that the magnetic field declines
very rapidly as the distance grows, and for a sample container, the magnetic field could not be
strong enough to attract the targets captured by magnetic nanoparticles. To achieve better
separation efficiency after the targets are magnetized, Carreira, Spencer, Schwarzacher, and
Seddon (2016) applied a magnetic cell separation (MACS) column for separation of 5 mL of
magnetized cells. Iron spheres were placed inside the column to form a magnetic matrix when a
magnetic field is applied around the column, which could amplify the magnetic field 10,000-fold.
They were able to achieve a separation efficiency of 99.97% within a 1-min incubation period
using the column.
Another popular method is to use magnetophoresis. Briefly, instead of being separated in
a static magnetic field, the magnetic nanoparticles would exist in a continuous flow, and pass by a
constant magnetic field. Therefore, all the magnetic nanoparticles would have a chance to make
full use of the magnetic field, be attracted to one side, and flow out separated and concentrated.
Naturally, the volume of the sample that could be processed is theoretically unlimited. But in real
applications, there are two factors to consider: (1) the amount of magnetic nanoparticles used for
capturing targets in a large volume sample; (2) the time needed for increasing volume of the sample.
The latter can cause inconvenience. For example, Huang et al. (2011) developed a device for
separation of magnetized E. coli cells, but since the flow rate utilized was 14.4 µL/min, it would
take 12 h to process 10 mL of sample. Magnetic separation is generally faster with smaller targets.
Wang, Li, Wang, Wang, and Lin (2017) developed a microfluidic chip for H5N1 virus separation,
and it could take 7 h to process 50 mL of sample. There’s also an additional 1 h for incubating the
magnetic nanoparticles with targets, making the method less time-efficient.
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The major concern when mixing and separating at the same time is separation efficiency,
because in this case, unlike the previous method, there will not be a mixer/incubator for the binding
reaction between magnetic nanoparticles and targets to bind. Therefore, increasing the contact area
between magnetic nanoparticles and targets has become one of the major directions of rapid and
simple large-volume separation.
The contact area can be increased by increasing the area of the magnetic nanoparticles.
Instead of mixing the magnetic nanoparticles with sample before separation, the magnetic
nanoparticles would be first fixed at certain positions, and then the sample will flow through.
Xue, Zheng, Zhang, Jin, and Lin (2018) chose to create a layer of magnetic nanoparticles
all over the channel (chamber) walls, and use them to capture the target bacteria that flow through.
They developed a magnetic separation device with multi-ring magnetic field, and the magnetic
nanoparticles immobilized with antibodies were first injected into the channel, when the magnetic
nanoparticles were attracted on the wall of the channel. The sample was then injected into the
channel, and the target bacteria were captured by the magnetic nanoparticles, while non-targets
flowed out of the channel. The sample was injected into the channel for three times for maximum
capture efficiency. Using the same principle, Lee et al. (2014) also created a layer of magnetic
nanoparticles on their channel walls, and it is noted that they designed a unique cylindrical
geometry that reduces the linear flow velocity, which made it possible to achieve binding between
magnetic nanoparticles and target bacteria at a very high speed (25 mL/min). They were able to
process 10 mL of sample in 24 s.
Another method to increase the contact area by creating magnetic particle chains or webs
in the solution. Cai, Wang, Zheng, and Lin (2018) developed a dot-array magnetic field, and the
magnetic nanoparticles would form self-assembled magnetic nanoparticle chains in the channel,
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so that later when the sample was injected, the target bacteria would have more chance to get in
contact with the magnetic nanoparticles (the separation efficiency was 77%) compared to only
laying magnetic nanoparticles on the surface of the channel (the separation efficiency was 36%).
Their group further used this principle with enhanced magnetic field to form magnetic particle
chains for detection of Salmonella, and they were able to achieve a flow rate of 5 mL/min, reaching
70% separation efficiency for a volume of 50 mL of sample (Wang et al., 2020).
Similar to magnetic particle chains, Huo et al. (2019) synthesized nickel nanowire bridge
as substitution of magnetic nanoparticles. These nanowires with high surface-to-volume ratio
could achieve separation efficiency of 74% in 10 mL of sample. The advantage compared to
magnetic nanoparticles is that this method would not require a specially designed and fabricated
magnetic field, and the whole system could be simple.
Among the two types of large-volume magnetic separation techniques reviewed, the first
type is to mix magnetic nanoparticles with a large-volume sample first, and then perform efficient
separation by designing the forces and movement of the magnetic nanoparticles with targets. This
type of method can overcome the problems of limited magnetic field strength of traditional
magnetic separators, and theoretically has no limitation of the volume of the sample, but the time
and total amount of magnetic nanoparticles consumed need to be considered with larger sample
volumes. The second type is to attract magnetic nanoparticles on certain positions, and use them
to capture the targets flowing in the sample. This type of method significantly reduced the amount
of magnetic nanoparticles used, and also does not have a theoretical limitation for the sample
amount (unless the saturation of the bio-receptors on the magnetic nanoparticles is considered). In
terms of in-field application, simple, rapid and efficient features are highly valued, and in general,
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the second type is simpler and faster, which has many applications in current biosensor
development and potential in the future.
3.4.3 Applications of gold nanocages in biosensors
Gold-based nanostructures (nanocages, nanospheres, nanorods, nanowires, etc.) have been
widely used in catalysis (Hafez, Ma, Ma, & Long, 2019; Massaro et al., 2019), sensing (Diouf, El
Bari, & Bouchikhi, 2020; Xiao, Huang, Wang, Meng, & Yang, 2020), imaging (Lakshmi & Kim,
2019; Shen, Huang, Li, Chen, & Wu, 2019), and diagnostic and therapeutic applications (Chen,
Zhang, Ju, Hong, & Ding, 2020; Falahati et al., 2020; Vinhas et al., 2015) due to their tunable
shape and size, robust surface functionalization, good biocompatibility, and unique optical
properties (Cobley, Chen, Cho, Wang, & Xia, 2011; Skrabalak et al., 2008). For example, in
detection of thrombin, gold nanostructures could act as optical labels/indicator (Chen, Huang, &
Chang, 2010; Li, Jiao, Liu, & Chen, 2018), fluorescence/electrochemiluminescence enhancer
(Wang, Shan, Zhao, Xu, & Chen, 2011), etc. Among various nanostructures, gold nanocages
(AuNCs) have received increasing interest for their hollow structures and porous walls, enabling
AuNCs to act as containers to entrap and release loading molecules. With specifically designed
“gates”, AuNCs with controlled release of loading molecules have been utilized for targeted drug
delivery (Feng et al., 2019), sensing (Wang, Chen, Li, Wang, & Luo, 2015), and imaging (Moon
et al., 2011). Typical images of gold nanocages are shown in Figure 3.13. The on/off of the “gates”
can be controlled by temperature (Li et al., 2011; Sun et al., 2017), pH (Shi et al., 2012), light
irradiation (Cheng et al., 2018; Yavuz et al., 2009; Zhang et al., 2017), or molecular interactions
such as aptamer-target binding (Wang, Li, Tang, Song, & Luo, 2020).
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Figure 3.13. SEM images of AuNCs with controllable pores on the surface (Chen et al., 2006).
Reprinted with permission from American Chemical Society.
3.5 Conclusions
Recent outbreaks of foodborne diseases and poultry diseases have attracted extensive
public attention across the globe, and it is critical to rapidly detect bacterial and viral pathogens to
ensure public safety and alleviate the potential health care burden. Conventional detection methods
for Salmonella such as bacterial culture, PCR, or ELISA are limited by long detection time,
complex sample preparation, laborious steps, etc. The same occurs to conventional methods for
AIV H5N1 detection. Biosensors have shown advantages such as rapid response, low cost,
potential portability, and possible in situ applications. Nanomaterials have facilitated the
development of various biosensors. Quantum dots are one of the most popular fluorescent labels
used in biosensing process. Magnetic nanoparticles and magnetic separation contributed to sample
pretreatment and target separation including for Salmonella and AIV H5N1. Gold nanocages can
be used as nanocarriers for controlled release of cargo molecules in sensing applications.
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Chapter 4 A portable biosensing device with magnetic separation and quantum dot bead
labeling for simple, rapid and quantitative detection of Salmonella Typhimurium1
4.1 Abstract
Foodborne pathogenic bacteria have caused numerous illnesses and economic losses in the
U.S. and the world. It is highly important for food industries to conduct in-field screening for
pathogenic bacteria to ensure food safety. The objective of this study was to convert our previously
developed optical biosensing method into a portable biosensing device to achieve simple, rapid,
and quantitative detection of Salmonella Typhimurium. The device consisted of a control module,
a magnetic separation module, and a fluorescence detection module. The bacteria sample,
immuno-magnetic nanoparticles, and immuno-quantum dot beads were added into a mixing,
separation, and detection chamber and were fully mixed in the control module. The sample was
then moved to the magnetic separation module to automatically separate and concentrate the target
bacteria. Finally, the fluorescence intensity was measured with the fluorescence detection module
to determine the concentration of the target bacteria. The device was able to perform separation
and detection of Salmonella with minimal manual operation with a detection limit of 5.4  102
CFU/mL in 1 h. The device also showed good specificity against four selected non-target bacteria.
4.2 Introduction
Foodborne illnesses cause hospitalizations, deaths, and economic losses around the globe.
It is estimated that 600 million people fall ill because of contaminated food every year, with a
death toll of 420,000 (WHO, 2019). In the U.S., there are around 48 million illnesses, 128,000

This chapter is based on the journal article published in Transactions of the ASABE, “A portable
biosensing device with magnetic separation and quantum dot bead labeling for simple, rapid, and
quantitative detection of Salmonella Typhimurium”. The authors are Xinge Xi, Ronghui Wang,
Ping Yao, Lan Yao, Steve Tung, and Yanbin Li. Included with permission of ASABE.
1
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hospitalizations, 3,000 deaths, and more than $15.6 billion in costs every year due to foodborne
illnesses (CDC, 2018; USDA-ERS, 2014). Since traditional detection methods are timeconsuming and laborious, novel methods are urgently needed for fast, sensitive, labor-saving, and
cost-effective detection of contamination; moreover, it is also crucial to convert these methods into
portable devices for in-field and on-site detection (Habimana et al., 2018). The features of a device
for in-field application include easy manual operation, short detection time, preservation of
biological reagents, and portability (Srinivasan and Tung, 2015).
Rapid detection methods include nucleic acid-based methods, immunology-based methods,
and biosensor-based methods. Nucleic acid-based methods such as polymerase chain reaction
(PCR) are often limited in terms of portability, mostly because the sample preparation procedure
is relatively complicated, time-consuming, and has to be done in a lab (Mandal et al., 2011; Silva
et al., 2011; Suo et al., 2010; Truchado et al., 2016; Verstraete et al., 2012; Wang et al., 2013).
Immunology-based methods such as enzyme-linked immunosorbent assay (ELISA) are simple,
fast, and (potentially) portable, but many of them also produce false positives (Kragstrup et al.,
2013) and have higher detection limits (Kumar et al., 2008; Niu et al., 2014; Xu et al., 2013).
Biosensors have many successful reported examples that have achieved simple and fast detection,
and they also show potential for use in practical applications (Luo and Alocilja, 2017; Wang et al.,
2012; Yao et al., 2019). While electrochemical biosensors often have problems with crosscontamination of the electrodes and sample background noise (Arora et al., 2011), and mass-based
biosensors have either low sensitivity or require multiple washing and drying steps (Law et al.,
2015), optical biosensors are fast, sensitive, and have become one of the best methods suitable for
the development of portable devices and in-field applications (Khansili et al., 2018; Ligler and
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Taitt, 2002), especially quantum dot-mediated immunosensors (Nguyen et al., 2020; Wang et al.,
2020; Wu et al., 2016; Yin et al., 2016).
Salmonella is a major cause of foodborne illness around the world (WHO, 2020). In the
U.S., Salmonella causes about 1.35 million illnesses, 26,500 hospitalizations, 420 deaths, and
$3.19 billion in losses (CDC, 2020; USDA-ERS, 2014). Human salmonellosis is characterized by
gastrointestinal disorders. After ingestion, Salmonella colonize the intestine and invade mucosal
cells, resulting in inflammation and elevated levels of cyclic adenosine monophosphate (cAMP),
followed by electrolyte imbalance, loss of fluid, and eventually, diarrhea (Ray and Bhunia, 2014).
Currently commercialized products for rapid detection of Salmonella represent a balance among
shorter detection time, better portability, and higher sensitivity. Generally, two types of
commercial products are available. One type integrates sample collection (usually by swab),
incubation, selective enrichment, and result indication (usually by color change) into a portable
tube. These devices can be very sensitive, but they are also time-consuming, often requiring more
than 18 h. The other type is strips (lateral flow assays). Without any incubation process, strips are
generally fast and simple but have a higher detection limit. For example, the Inspector (Halo
Industry, Buena Park, CA) can acquire a qualitative result in less than 30 min with a single strip,
and Reveal 2.0 for Salmonella (Neogen Corp., Lansing, MI) can acquire test results in 15 min, but
the detection limit is 106 CFU/mL. When an incubation process is used, the detection limit
decreases dramatically, along with a large increase in detection time and a decrease in portability.
To date, various optical biosensing methods have been reported using magnetic separation
for isolation of Salmonella (Brandão et al., 2015; Du et al., 2018; Suo et al., 2010), and fluorescent
labeling for detection of Salmonella (Wang et al., 2016; Yang and Li, 2006; Zhang et al., 2009).
Over the years, biosensing methods using magnetic particles for target separation and quantum

62

dots for fluorescence detection have been applied for detection of Salmonella with improved
simplicity, sensitivity, and rapidity (Duan et al., 2012; Kim et al., 2015; Hu et al., 2019; Wang et
al., 2007; Xu et al., 2015; Xue et al., 2018). Recently, Hu et al. (2020) developed a lateral flow
immunoassay (LFA) assay using quantum dot nanospheres as fluorescent labels for detection of
Salmonella in 10 min, with the limit of detection (LOD) at 5 × 103 CFU/mL. The sensitivity was
improved 40 fold compared to traditional LFA methods due to the improved fluorescence intensity
of quantum dot nanospheres (multiple layers of quantum dots were assembled on polymer
nanobeads, and therefore increased the fluorescence intensity of each quantum dot nanosphere).
This simple and rapid LFA assay could generate quantitative results with a smart phone, but the
LOD was still high compared to other biosensors. Moreover, limited research has been reported
on converting optical biosensing methods into automated biosensing devices. The objective of this
study was to transform a manual optical biosensing method into a portable biosensing device for
simple, rapid, and quantitative detection of Salmonella Typhimurium with minimal operation.
4.3 Design and fabrication
4.3.1 Biosensing principle
The entire process of Salmonella separation and detection was conducted in a mixing,
separation, and detection chamber (MSDC), as shown in Figure 4.1. The sample contained both
target bacteria and other non-target bacteria and was automatically mixed with immuno-magnetic
nanoparticles (immuno-MNPs) and immuno-quantum dot beads (immuno-QDBs) in the control
module. The target bacteria were specifically captured by the immuno-MNPs and labeled by the
immuno-QDBs, forming MNP-bacteria-QDB complexes. In the magnetic separation module,
these complexes were attracted to one side of the MSDC by the magnetic field generated by
magnets, while non-target bacteria and biomolecules in the sample solution were later pumped out
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of the MSDC to a waste tank. After phosphate buffered saline (PBS) was added to the MSDC and
mixed thoroughly to disperse the MNP-bacteria-QDB complexes evenly in the solution,
fluorescence detection was conducted under the excitation of an incident light source for
quantification of the target bacteria.
4.3.2 Magnetic field design
To provide a magnetic field strong enough for magnetic separation, N42 magnets (B822N42, K&J Magnetics, Pipersville, Pa) were used to generate the magnetic field in this study. Small
magnets were selected to provide flexibility in the configuration and adjustment of the magnetic
field. Magnetic field simulation was done using Finite Element Method Magnetics (FEMM)
software. As shown in Figure 4.2, the magnetic field intensity increased with the number of
magnets. The magnetic field reached sufficient strength when four stacked magnets were used,
and more magnets did not make a noticeable difference. The magnetic field intensity was measured
with a gauss meter. The maximum intensity with four stacked magnets was 4.9 kG (Table 4.1),
which was greater than that of several commercially available magnetic separators (Table 4.2).
Table 4.1. Magnetic flux density with different numbers of magnets.
Number of Magnets
1
2
3
4
5

Maximum Magnetic Field Intensity (kG)
3.8
4.5
4.8
4.9
5

Table 4.2. Magnetic flux density of commercialized magnetic separators compared to this study.
Separator
Dynal MPC-5
PerSeptive Biosystems
This study

Maximum Magnetic Field Intensity (kG)
4.4
2.6
4.9
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Figure 4.1. Salmonella detection process using immuno-MNPs for magnetic separation and
immuno-QDBs for fluorescent labeling. A schematic of the mixing, separation, and detection
chamber (MSDC) is shown in the lower left corner. Images 1, 2, 5, 6, and 7 are viewed from
cross-section #1 of the MSDC schematic, and images 3 and 4 are viewed from cross-section #2.

Figure 4.2. Simulation of magnetic field distribution with different numbers of magnets.
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4.3.3 Process design
The device included a control module, a magnetic separation module, a PBS supply module,
and a fluorescence detection module. As shown in Figure 4.3, there were four positions for the
MSDC within the device: (1) the initial position (position 1), when the sample was added to the
MSDC and to which the MSDC returned when the detection process was complete; (2) the
magnetic separation module (position 2), when the MSDC was moved on top of the magnets and
when the waste pump (pump 1) extracted the waste during magnetic separation; (3) the PBS supply
module (position 3), when the MSDC was placed under the PBS tubing to receive the PBS buffer
droplets drawn by the PBS pump (pump 2); and (4) the fluorescence detection module (position
4), when the MSDC was moved on top of the optical fiber probe for fluorescence detection. The
process flow diagram is shown in Figure 4.4. Currently, the device can handle one sample as a
batch operation. Five samples could be processed by adding more sample holders, and even more
samples could be handled by increasing the size of the device.

Figure 4.3. Components and operations of the portable biosensing device.
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Figure 4.4. Process flow diagram of the portable biosensing device.
4.3.4 Instruments and parts
The Arduino Uno R3 board and Adafruit Motor Shield V2 boards were products of
Arduino (Somerville, MA). The NEMA 17 stepper motor was a product of Adafruit Industries
(New York, NY). The 405 nm laser was purchased from lights88-Amazon (Seattle, WA). The
peristaltic pumps (SP101.005) were purchased from APT Instruments (Omaha, NE). The solenoid
valve (SMC S070C-6BG-32) was purchased from Orange Coast Pneumatics (Yorba Linda, CA).
The optical fiber (premium-grade reflection probe, VIS/NIR, UV/VIS), spectrometer (USB4000),
and its driver platform (OmniDriver) were purchased from Ocean Optics (Dunedin, FL). The
plastic protective storage case for the device was purchased from McMaster-Carr (Elmhurst, IL).
4.3.5 Mixing, separation, and detection chamber (MSDC)
A disposable 3D-printed mixer previously developed by Yao et al. (2019) was used as the
MSDC. This reported 3D-printed mixer consisted of a sample chamber and two air chambers, and
could improve the mixing efficiency of the sample through pneumatically actuated diaphragms. In
the MSDC, a tubing was inserted into the sample chamber of the mixer for additional functions of
magnetic separation and waste extraction. 3D-printed mixers were provided by Dr. Ping Yao at
Dr. Steve Tung’s lab at the University of Arkansas. All the biological reactions occurred in the
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sample chamber, including fluorescence detection, as shown in Figure 4.5. The sample chamber
was designed to contain and mix bacteria samples and reagents, while the air chambers acted as
“air motors.” The air chambers were connected to a regulator installed on a nitrogen tank (Airgas,
Radnor, PA) with the pressure set at 15 psi. The nitrogen tank was less than 36 cm in height and
less than 6 kg in weight and was sufficient for supporting at least 18 h of continuous mixing. A
solenoid valve was used to control the nitrogen flow. As the valve opened, nitrogen flowed through
the valve and expanded the air chambers. As the valve closed, the nitrogen in the air chambers
leaked out through the exhaust port of the valve. With constant opening and closing of the valve,
the nitrogen gas pushed the walls of the air chambers at a certain frequency, and the sample was
mixed at the same frequency. Teflon waste tubing was inserted into the sample chamber. This
tubing was connected to tubing on the waste pump. The length of the waste tubing was 15 mm to
isolate the sample from the potentially contaminated tubing on the waste pump.

Figure 4.5. Photograph of MSDC and tubing connections. Air tubing was connected to the air
chambers on both sides of the MSDC, and waste tubing was inserted into the sample chamber
through the bottom of the MSDC, followed by pump tubing connected to the waste pump.
4.4 Experiment
4.4.1 Chemical reagents and biological materials
A

Milli-Q

water

purification

system

and

N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride (EDC) were purchased from Merck KGaA (Darmstadt,
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Germany). The ultrapure water obtained from the Milli-Q system was used in the entire study.
PBS (pH 7.4, 0.1 M) was purchased from Alfa Aesar (Haverhill, MA). N-hydroxysulfosuccinimide
(sulfo-NHS) was purchased from Thermo Fisher Scientific (Waltham, Mass,). Bovine serum
albumin (BSA) and protein A were purchased from Sigma-Aldrich (St. Louis, MO). Phosphate
buffer (PB, pH 6.0, 0.01 M) was prepared by mixing 1.4 mM disodium hydrogen phosphate and
8.6 mM sodium dihydrogen phosphate (monohydrate), and both were purchased from
Mallinckrodt Baker (Phillipsburg, NJ). Tryptic soy agar (TSA) was purchased from VWR (Atlanta,
GA). Brain heart infusion (BHI) broth was purchased from Remel (Lenexa, KS). Purified
polyclonal antibody to Salmonella species (4-5 mg/mL) and biotin conjugated polyclonal antibody
to Salmonella species (4-5 mg/mL) were purchased from Meridian Life Science (Memphis, TN).
Magnetic nanoparticles (MNPs, 100 nm, 1 mg/mL) with streptavidin coating and quantum dot
beads (QDBs, 150 nm, 10 mg/mL) with carboxylic acid groups were purchased from Ocean
NanoTech (San Diego, Ca.).
4.4.2 Cultures and surface plating method
S. Typhimurium (ATCC 14028), Listeria innocua (ATCC 33090), Listeria monocytogenes
(ATCC 43251), Staphylococcus aureus (ATCC 27660), and Escherichia coli O157:H7 (ATCC
43888) were obtained from the American Type Culture Collection (Rockville, MD). Stock cultures
from a -80°C freezer were grown in BHI broth at 37°C for 18 to 22 h. The live cultures were
serially diluted in PBS and plated on TSA plates to determine colony numbers. The cultures were
killed in boiling water for 10 min and stored at 4°C for further use.
4.4.3 Preparation of immuno-magnetic nanoparticles
The immuno-MNPs were prepared based on streptavidin-biotin interaction. First, 80 L of
streptavidin-coated MNPs (1 mg/mL) were washed with 60 L of PBS, and then 40 L of
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biotinylated antibodies (0.4 to 0.5 mg/mL, diluted in PBS) were added to the MNPs for conjugation
of the antibodies. The mixture was incubated at 15 rpm for 45 min at room temperature, and then
50 L of 3% BSA was added to the mixture and incubated on a rotator at 15 rpm for 30 min to
block non-specific binding sites on the immuno-MNPs. The immuno-MNPs were finally washed
three times with 160 L of PBS, suspended with 160 L of PBS, and stored at 4°C for further use.
Magnetic separation was performed using a magnetic separator (MS0206, Aibit Biotech
Instrument, Jiangyin, China) for 3 min.
4.4.4 Preparation of immuno-quantum dot beads
To prepare the immuno-QDBs, 30 L of QDBs (10 mg/mL) were washed with 100 L of
ultrapure water, followed by centrifugation at 13,000 rpm for 5 min. After the supernatant was
removed, the pellet was suspended in 200 L of EDC/sulfo-NHS (2mM/3mM in PB) under
continuous magnetic stirring at 600 rpm for 40 min. Ultrasonic homogenization of the QDBs was
performed for 5 s in case of aggregation, and then 20 L of protein A (2.5 mg/mL in PBS) was
added to the mixture and reacted with shaking at 15 rpm for 2.5 h. The excess protein A was
removed after centrifugation at 13,000 rpm for 5 min, and the pellet was suspended with 200 L
of PBS, followed by incubation with 10 L of purified antibodies (4-5 mg/mL), and reacted on a
rotator at 15 rpm for 1 h. Finally, 100 L of 3% BSA was added to the mixture at 15 rpm for 30
min to block non-specific binding sites. The immuno-QDBs were centrifuged at 13,000 rpm for
10 min to remove excess antibodies and BSA in the supernatant. The pellet was suspended with
120 L of PBS at 4°C for further use.
4.4.5 Separation and detection of Salmonella Typhimurium
Both magnetic separation and fluorescence detection were performed using the MSDC
within the portable biosensing device. After the device and the MSDC were hooked up and put
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into place, 50 L of bacteria sample (or PBS as negative control), 30 L of immuno-QDBs, and
20 L of immuno-MNPs were added to the MSDC. After the “start” button in the software was
pressed, the device began mixing the sample and moving the MSDC to four different positions to
perform automatic magnetic separation, waste extraction, PBS buffer resuspension, and
fluorescence detection.
In detail, after the sample and reagents were added to the MSDC at the initial position
(position 1), the device mixed them for 45 min using the controlled air chambers. The MSDC was
then moved by the stepper motor to the magnetic separation module (position 2) and remained
there for 2 min for magnetic separation. After detectable complexes were driven by the magnet
field and secured on the bottom wall inside the MSDC, pump 1 drew out the waste, and then the
stepper motor moved the MSDC to the PBS supply module (position 3), where 100 L of PBS
was dropped into the MSDC by pump 2. To suspend the MNP-bacteria-QDB complexes in PBS
for detection, the device performed a second mixing operation for 3 min. The stepper motor then
moved the MSDC to the fluorescence detection module (position 4), where the laser provided 4.5
s of excitation at a wavelength of 405 nm. The spectrometer received the emission of QDBs at 620
nm and sent the fluorescence readings to the software that we developed. After detection, the
stepper motor moved the MSDC back to position 1.
4.5 Results and discussion
4.5.1 Hardware and software for the portable biosensing device
The portable biosensing device works with a laptop computer, and the system setup is
shown in Figure 4.6A. Except for the optical fiber probe, all parts were mounted inside a 34 cm 
25 cm  14 cm case (Fig. 4.6B). Because the optical fiber probe had an 8 cm long-term bend radius
(LTBR) and needed a relatively large space, it was placed outside to reduce the size of the case.
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Except for the fluorescence spectrometer, which was placed in the lid, all other parts were placed
in the bottom of the case. The MSDC was placed in a specifically designed and fabricated holder,
which included rollers on a guide rail (Fig. 4.7), and could be moved by the stepper motor to
different positions for different purposes.

Figure 4.6. (A) Setup of the portable biosensing device, external connections, and laptop
computer, and (B) inside layout of the device. The device sat on a frame, and the optical probe
was inserted at the bottom of the device.

Figure 4.7. Photograph of MSDC at the PBS supply module. The PBS tubing was connected to
the PBS pump and tank.
Minimal operation is always preferred for in-field application, and only three steps are
needed to use the device. First, the device can be quickly connected to the tubing of the nitrogen
tank, the optical fiber probe connectors, the laptop, and the power supply. Second, a sample can
be prepared by placing the MSDC in its holder, connecting the air tubing and waste tubing, and
adding the sample and reagents to the MSDC. Third, results can be acquired using the software’s
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“start” button for initiation and the “read results” button for results acquisition (Fig. 4.8). The
software displays the fluorescence intensity, the bacteria concentration calculated based on the
calibration curve, and a final detection result.

Figure 4.8. User interface of the developed software. In the control panel, the “start” button
starts the device for sample processing and detection, and the “process” button informs the user
of the current action of the device. In the results panel, the “read results” button turns on the
laser, obtains readings from the spectrometer, and then moves the MSDC back to the initial
position.
Currently, the device is not completely portable due to the need of nitrogen tank and AC
power source. It is recommended to replace the nitrogen tank with a small air pump (6-12 VDC,
~14.5 psi). The MSDC used was based on the mixer that Yao et al. (2019) developed, which
required 10 psi for mixing. A 12VDC rechargeable battery is also recommended to be used as the
power source. Moreover, the durability of the device should be improved, especially considering
potential sample leakage. For now, all the instrument and parts are located along with the MSDC,
which could not provide a sealed cover to the sample. However, the circuits and parts are not
waterproof, and any accidental spills of samples, buffer, or reagents could shorten or even instantly
terminate the lifespan of the device. It is highly recommended to separate the dry zone from the
wet zone, and design physical barriers to make sure the hardware inside the device could be

73

protected from spills. The physical barriers should be easy to clean and germicidal UV-penetrable
for disinfecting purposes. To ensure biosafety, the device should incorporate simple and effective
disinfecting functions. The instrument and parts should be protected by physical barriers, inside
which could be considered uncontaminated. A portable UV disinfection lamp (USB rechargeable)
could be installed inside the top cover of the device. As the tubings are transparent, they could be
easily disinfected after 30 min of UV illumination. There is no need to constantly change tubings
as they would not lead to cross-contamination. But once they are worn out, the replacement should
be easy.
It would be ideal if the addition of the sample could be conducted outside the device. The
holder of the MSDC could be designed like an ink cartridge, or disc drive, which could be popped
out using a button, and pushed in and fit into place. The connection step of the MSDC to waste
extraction tubing could also be simplified. A magnetic ring could be fitted around the extra waste
tubing that is pre-installed with the MSDC. Another magnetic ring could be installed around the
waste extraction tubing that is connected to the waste pump, and this ring should be embedded in
the cartridge-like holder. In this way, when the MSDC is placed inside the holder, the magnetic
rings from the MSDC tubing and the waste tubing could instantly couple together so that manual
steps could be avoided. The device could stay closed during detection steps, so that contamination
could be avoided.
4.5.2 Effectiveness of mixing and magnetic separation
A crucial problem for in-field detection of bacteria is to avoid cross-contamination among
samples. In this device, cross-contamination was avoided by preventing physical interactions
between the sample and the non-disposable parts of the device before the detection results were
acquired. The MSDC was the sample container and was disposable; therefore, only two major

74

actions could cause physical interactions: one was the extraction of waste from the MSDC, and
the other was the addition of PBS buffer to the MSDC, both of which were closely related to the
magnetic separation.
As mentioned earlier, waste was extracted by the waste pump. To avoid physical
interaction between the sample and the tubing on the waste pump (which could be contaminated),
extra tubing was inserted into the MSDC prior to use, which acted as a bridge to isolate the sample.
In this way, before waste extraction, while the sample was still in contact with one end of the
bridge tubing, the other end of the bridge tubing was clean and full of air and therefore did not
pass contamination from the waste pump tubing to the sample in the MSDC. During waste
extraction, the supernatant was discarded through the waste pump tubing, and contamination from
the sample entered the waste pump tubing, but not vice versa. After waste extraction, the sample
was again isolated from the waste pump tubing by air.
After waste extraction, clean PBS buffer was dropped into the MSDC to suspend the MNPbacteria-QDB complexes. (In contrast, inserting tubing into the MSDC for buffer supply could
cause cross-contamination because the tubing would be full of PBS instead of air, and the sample
could contaminate the PBS tubing and the PBS tank.) After the PBS buffer was dropped into the
MSDC, the device automatically mixed the PBS buffer with the MNP-bacteria-QDB complexes.
However, there were often some complexes caught in the corners of the MSDC, and we still needed
to perform a manual step to mix the sample by pipetting. Future study on mixing, including
redesign of the MSDC, optimization of the frequency, phase, and pressure used, and optimization
of the speed and direction of the PBS buffer flow should be conducted to improve the mixing
effect. Once this manual step of mixing is eliminated, the device will be fully automated. We also
conducted fluorescence detection without PBS resuspension. Based on a test using MNP-QDB
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complexes, the fluorescence signal without resuspension was more than 50% higher than that with
resuspension, but with much higher variation (36% compared to 1%) due to the nonhomogeneous distribution of the concentrated QDBs.
To confirm the effectiveness of magnetic separation, a capture efficiency test of the device
was conducted. For this test, 80 L of live S. Typhimurium cells and 20 L of immuno-MNPs
were added to the MSDC. After automatic magnetic separation, the sample was manually collected
and plated on TSA plates, and the colonies were counted. The capture efficiency (CE) was defined
as:
𝑪𝑬 (%) =

𝑵𝒄
𝑵𝒕

× 100

(4.1)

where Nc is the number of captured bacteria (CFU), and Nt is the number of total bacteria (CFU).
The device had a capture efficiency of 96.3%, which was comparable to the capture efficiency of
99.4% when waste extraction was done manually (n = 3).
4.5.3 Calibration curve of the device for Salmonella detection
The test results for bacteria samples containing 5.4  101, 102, 103, 104, and 105 CFU/mL
S. Typhimurium cells and the negative control are shown in Figure 4.9. As the concentration of
Salmonella increased, the fluorescence intensity increased accordingly. A linear relationship was
found between the fluorescence intensity (I) and the target bacteria concentration (C): I = 521 
logC + 1358 (R2 = 0.99). The calibration curve was used in the software to calculate the
concentration of target bacteria based on the fluorescence measurement. The fluorescence intensity
of the negative control was 2165 counts for the mean, and 207 counts for the standard deviation,
and the LOD calculated by summing the mean and three times the standard deviation was 2785
counts, which was equivalent to 5.4  102 CFU/mL (2.73 log CFU/mL). However, at the
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concentration of 5.4  102 CFU/mL, the error bar included signals less than the calculated LOD,
indicating that false negative results could occur at this concentration.

Figure 4.9. Linear relationship between fluorescence intensity and concentration of Salmonella
Typhimurium (n = 3). The regression equation was integrated into the software of the device for
calculating the Salmonella concentration in CFU/mL.
The noticeable error bars could be ascribed to several causes, including lack of precision
in the optical path. The position shift during the tests was performed with a simple stepper motor
with open-loop control; therefore, position errors could accumulate as the test went on. Moreover,
the MSDC was printed on a glass slide, and the relative position could vary because it was
controlled manually during the printing process. Therefore, the optical path in each test could vary
and jeopardize the precision. This can be improved by adding feedback control with a photoelectric
sensor to locate the MSDC. Inaccuracy of the PBS buffer volume was a second cause of error.
After magnetic separation, the MNP-bacteria-QDB complexes were suspended by the PBS buffer
dropped into the MSDC through tubing. Sometimes a PBS droplet remained at the end of the
tubing, causing inaccuracy in the current test and following tests. This can be improved by
replacing the tubing with a pipette, which is a commercially available and market-proven tool for
better liquid volume control. Valves could also be used along with the pumps for better accuracy.
The degradation of QDBs is the third possible cause of the errors. QDBs were constructed with
layers of CdSe/ZnS core-shell QDs, which were prone to degradation through interactions with
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oxygen and water; constant exposure to oxygen molecules would cause irreversible degradation
of QDs (Moon et al., 2019). Typically, when labeling target bacteria with QDBs (or QDs) manually,
the mixture of QDBs and target bacteria will be incubated for 45 min in a centrifuge tube, which
is sealed and mixed gently at 15 rpm on a rotator. In this case, the 45 min incubation process would
not increase the amount of dissolved oxygen molecules into the mixture. However, in this device,
the QDBs were mixed in a solution in open air, and the mixing was achieved by inducing constant
motion of the samples, leading to constant exposure of QDBs to oxygen molecules. Therefore,
when the light source was turned on for 3 s for excitation, the QDBs with oxygen molecules
accumulated during the past 45 min of mixing procedure would experience irreversible
degradation, causing the fluctuation of the fluorescence signals. Also, as Salmonella at higher
concentrations would bind with more QDBs, samples of higher concentrations would experience
more signal variation compared to samples of lower concentrations, and this could be the reason
why the error bars at higher concentrations were relatively larger. An air-tight mixing chamber is
recommended to better preserve the QDBs and reduce errors.
To improve the LOD, the amount of the sample could be increased to achieve better
sensitivity. Even if the sample volume was increased from 50 µL to 1 mL, the LOD could be
lowered around 20 times. Using the MSDC, magnetic separation could be conducted in continuous
flow: magnetic particles should be attracted to the bottom of the MSDC in a magnetic field first,
and then the sample containing Salmonella could be constantly drawn into the MSDC for target
separation. Strategies on magnetic separation in continuous flow could be applied to improve
separation efficiency (Cai et al., 2018; Huo et al., 2019). Magnetic separation needs to be
conducted first, and then quantum dot beads (QDBs) could be added to the resuspended
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Salmonella-MNP complexes for fluorescent labeling. The rest of the detection could be conducted
by the device with the same procedure.
To evaluate the device with real samples is one of the future works. Multiple washing steps
for magnetic separation are recommended to help eliminate background interferences. The
washing steps could be automated using the device simply by moving the MSDC between
positions 2 and 3 back and forth with the same operations programed for these two positions. Also,
magnetic separation was recommended to be conducted first, and QDBs were added into the
resuspended Salmonella-MNP later to avoid degradation of the QDBs. As these extra steps need
to be added, it is also recommended to reduce the incubation time of magnetic nanoparticles and
quantum dot beads with Salmonella cells down to 30 min (Luo et al., 2017) or even less than 15
min (Wang et al., 2015), if the resulting LOD is within expectation.
4.5.4 Specificity of the device
To evaluate the specificity of the device, L. innocua, L. monocytogenes, S. aureus, and E.
coli O157:H7 at concentrations of 5.4  104 CFU/mL were tested as non-target bacteria. In this
study, specificity was ensured by the polyclonal antibodies against Salmonella cells. Both
immuno-MNPs and immuno-QDBs were immobilized with antibodies and therefore were able to
specifically capture and label the target bacteria. The fluorescence intensities of L. innocua, L.
monocytogenes, S. aureus, E. coli O157:H7, and the negative control were 2276, 2366, 2114, 1967,
and 2165 counts, respectively. The four non-target bacteria had signals at similar levels as the
negative control, all of which were lower than the calculated LOD, as shown in Figure 4.10. In a
word, the device had good specificity in detection of S. Typhimurium.
Based on the similarity in signals of the non-target bacteria and the negative control, it is
likely that non-target bacteria would not introduce extra noise to the device. In other words, the
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specificity of the bio-receptors (antibodies) used was good enough for the current device. The
major concern is to reduce the relative noise level of the negative control. In addition to using more
kinds of blocking reagents for the MNPs and QDBs to reduce non-specific binding, increasing the
sensitivity could also be an option, including using fluorescent labels with higher fluorescence
intensities and smaller footprints. If the specificity decreases with a lower LOD, bio-receptors with
higher specificity, such as monoclonal antibodies, could be considered, and more washing steps
could be added.

Figure 4.10. Specificity test of the device, where S. Typhimurium is the target bacteria, and L.
innocua, L. monocytogenes, S. aureus, and E. coli O157:H7 are the non-target bacteria (n = 3).
The concentration of all bacteria was 104 CFU/mL.
4.6 Conclusions
In this study, we successfully developed a portable biosensing device for simple, rapid, and
quantitative detection of S. Typhimurium. The device was able to detect S. Typhimurium cells in
less than 1 h with a LOD of 5.4  102 CFU/mL. This device was mostly automated, with the
limitation of an additional manual pipetting to help suspend the MNP-bacteria-QDB complexes,
and has potential for in-field application of Salmonella detection and simultaneous detection of
multiple target bacteria using their relevant antibodies and fluorescent labels with different

80

emission wavelengths. Future work includes improving both the biosensing performance and the
durability and portability of the device.
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Chapter 5 A label-free QCM biosensor based on target-triggered release of cargo molecules
in gold nanocages capped with aptamers for thrombin detection1
5.1 Abstract
Thrombin is an important biomarker and its detection is of great significance for diagnosis
and prevention of relating diseases. Conventional methods such as enzyme linked immunosorbent
assay are sensitive, but require multiple steps. In this work, a label-free biosensor that only required
one step of incubation was developed based on target-triggered release of the cargo molecules
from gold nanocages, which achieved highly sensitive and specific detection of thrombin. The
proposed biosensor consisted of an array of gold nanocages loaded with molecules in their interiors
and the DNA probes immobilized on their surface for hybridization with thrombin-specific
aptamers to seal their pores. Upon interaction with thrombin, the surface aptamers were lift off the
gold nanocages, resulting in the release of the cargo molecules. The loss of the cargo molecules
was detected by quartz crystal microbalance (QCM). The signal could be amplified by the choice
of the cargo molecules. The use of polyamidoamine as cargo molecules allowed us to achieve a
label-free biosensor with a linear detection range of 0.0086-86 nM and a limit of detection of 0.8
pM. The detection could be carried out in 1.5 h with only one incubation step. The specificity of
the biosensor was confirmed by testing against bovine serum albumin and lysozyme at 1 µM.
5.2 Introduction
Thrombin is a serine protease, an enzyme that plays a key role in blood coagulation, and is
relevant to a plethora of diseases such as chronic inflammatory diseases, vascular disease,
coagulation abnormalities, cancer, atherosclerosis (Escosura-Muñiz, Chunglok, Surareungchai, &

1

This chapter is based on a manuscript submitted to ACS Applied Nano Materials (in revision).
The authors are Xinge Xi, Isabelle Niyonshuti, Ningxiang Yu, Lan Yao, Ying Fu, Jingyi Chen,
and Yanbin Li.
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Merkoçi, 2013; Di Cera, 2008; Jaberi et al., 2019). Generally, excessive thrombin will cause
venous thrombosis, and low amount of thrombin will increase bleeding risks (Cate & Hemker,
2016). The concentration of thrombin during coagulation varies from pM to µM levels, and thus
the limit of detection (LOD) and detection range need to cover the pM-µM range (Deng et al.,
2014; Zhang, Xia, Zhang, Wang, & Liu, 2018). Moreover, recent studies have made progress in
thrombin detection, including enzyme-linked sandwich assays (Park et al., 2014; Yi et al., 2014),
stips (Gao et al., 2019; Liu, Gurung, & Qiu, 2019; Qin, Wen, Zhang, Gu, & Wang, 2015), optical
sensors (Cennamo et al., 2019; Sadık, Boyacı, & Mutlu, 2019; Sun, Sun, Guo, & Guan, 2018),
electrochemical platforms (Wang et al., 2019; Xie, Ye, Yuan, Chai, & Yuan, 2015; Zhu, Zhu, Xu,
& Zhou, 2019), and piezoelectric methods (Collins, Yui, Roberts, & Kojic, 2013). In general,
enzyme-linked sandwich assays are gold standard for thrombin detection (Liu et al., 2019), but
also experience laborious steps, low analysis speed, and false positives. Lateral flow assays (strips)
are rapid, cost-effective, and great for point-of-care (POC) tests, but usually have higher detection
limits or qualitative results without additional professional equipment (Gao et al., 2019; Mahmoud,
Ruppert, Rentschler, Laufer, & Deigner, 2021). Electrochemical and piezoelectric platforms are
highly sensitive and could achieve real-time monitoring, but often require multiple separation and
washing steps for detection (Zhang et al., 2018). Optical sensors could also experience multiple
steps (Liu, Li, & Li, 2017), and one-step homogeneous assays were developed for simple
applications, especially under resource-limited conditions. Wen et al. reported a sandwich based
method using magnetic nanospheres for separation and fluorescent nanospheres for labeling, with
a LOD of 97 pM in 30 min (Wen, Bi, Wu, & Zeng, 2018). This method was rapid, but required
various labeling and washing steps. Li et al. reported a one-step detection method with a LOD of
1 Pm (Li et al., 2019). The combination of proximity-induced DNA strand displacement and
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catalytic hairpin assembly achieved signal amplification (since a mid-product generated in
response of thrombin could be used repeatedly and eventually lead to fluorescence signal by
thioflavin T binding). However, as the reaction process was complex, the one-step incubation took
100 min, and also required careful washing steps afterwards. Therefore, there remains a need for
the development of thrombin detection methods with low detection limit, wide dynamic range, and
less or even only one step of operation.
Quartz crystal microbalance (QCM) monitors resonance frequency change through crystal
and thus indicate surface mass changes, which provides a simple, cost-effective, sensitive, and
real-time sensing platform (Temel, 2020). However, the direct detection of thrombin is limited by
detectable signals by QCM, typically a relatively high LOD (Bayramoglu et al., 2019; Hianik,
Ostatná, Zajacová, Stoikova, & Evtugyn, 2005). For example, in 2005, Hianik et al. developed an
QCM aptasensor using thrombin specific aptamers directly immobilized on the QCM electrode for
thrombin detection, and achieved a LOD of around 1 nM. Similarly, with pre-concentration using
magnetic particles, Bayramoglu et al. in 2019 also used thrombin aptamers directly immobilized
on the QCM electrode for target capture and reached a LOD of 1 nM, since there was no extra
mass change using other labels as amplifiers. Other efforts have been made to induce mass change
of other molecules or particles using the thrombin molecules as medium. In these efforts, various
labels could be attached to the target thrombin for increased mass change on the QCM electrode
surface. Chen et al. attached gold nanoparticles on captured thrombin molecules, forming
sandwich structures (Chen et al., 2010); He et al. increased the number of gold nanoparticles
attached to each target thrombin molecule by using rolling cycle amplification based multivalent
hybridization (He, Liu, Qiao, & Zhang, 2014). However, as the signals were amplified further, the
detection procedure also became more complex with additional labels.
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In this work, we report a label-free QCM biosensor based on target-triggered release of
cargo molecules in gold nanocages (AuNCs) for thrombin detection. The working principle is
based on the stimuli-triggered release from AuNCs for drug delivery (Li et al., 2011; Yavuz et al.,
2009). AuNCs were loaded with molecules, capped with aptamers, and immobilized on the QCM
electrode surface for thrombin sensing. Aptamers are single stranded DNA or RNA
oligonucleotides that could form secondary or tertiary structures and bind to a wide range of targets
(Mayer, 2009). The sequence of DNA or RNA aptamers is determined through systematic
evolution of ligands by exponential enrichment (SELEX), and therefore aptamers are artificially
selected nucleotides with good affinity and specificity for their targets (Gopinath, 2007). We chose
a 15-mer thrombin aptamer that was first developed by Bock et al. in 1992 with excellent affinity
and specificity to seal the pores of AuNCs (Bock, Griffin, Latham, Vermaas, & Toole, 1992).
These aptamers could act as thrombin-responsive smart elements, and therefore no extra stimulus
such as heat or laser light would be needed for the release of cargo molecules later (He et al., 2020).
The cargo molecules were loaded into the AuNCs through the 5 nm surface pores of AuNCs. Due
to the nature of the QCM sensing platform (where mass change is to be detected), the choice of
cargo molecules depends on their size and molecular weight. Polyamidoamine (PAMAM) is a
class of dendrimers in spherical shape and widely used for bioapplications, with different
generations (different molecular weight) available,(Esfand & Tomalia, 2001) and therefore made
a good choice for cargo molecules. PAMAM of generation 0.5 (PAMAM 0.5 G, 1,269 Da) and
PAMAM of generation 1.5 (PAMAM 1.5 G, 2,935 Da) were chosen as candidates for cargo
molecules as they are both less than 3 nm in size. Rhodamine B (480 Da), erythrosine B (880 Da)
and horseradish peroxidase (HRP, 269 U/mg, 44,000 Da) were also selected to add variety with
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different molecular types and weights. This work demonstrated an innovative design for sensing
targets such as thrombin based on target-triggered release of cargo molecules on a QCM platform.
5.3 Experimental methods
5.3.1 Chemicals and materials
Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O), ethylene glycol (EG), sodium
hydrogen sulfide (NaHS), hydrochloric acid (HCl), poly(vinylpyrrolidone) (PVP, MW = 55,000),
silver tri-fluoroacetate (AgTFA), NaCl, phosphate buffered saline (PBS, pH 7.4, 0.1 M),
rhodamine B, erythrosin B, and 3,3′,5,5′-Tetramethylbenzidine (TMB) were purchased from Alfa
Aesar (Haverhill, MA). PAMAM 0.5 G and PAMAM 1.5 G were purchased from Dendritech
(Midland, MI). 1.6-hexanedithiol, thrombin, horseradish peroxidase (HRP), bovine serum albumin
(BSA), and lysozyme were purchased from Sigma-Aldrich (St. Louis, MO). The ssDNA-1
(/5ThioMC6-D/GG GGG), ssDNA-2 (AAA AAA/3ThioMC3-D/) and thrombin aptamer (TTT
TTG GTT GGT GTG GTT GGC CCC, where the bold sequence GGT TGG TGT GGT TGG
was the 15-mer aptamer) were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA).
Ultrapure water was obtained from the Milli-Q system and was used in the entire study. The
QCA922 quartz crystal analyzer (Princeton Applied Research, Oak Ridge, TN) was used to
analyze the signals from the QCM electrodes (CHI125A, CH Instruments, Inc., Austin, TX).
5.3.2 Synthesis of gold nanocages (AuNCs)
The AuNCs were provided by Dr. Jingyi Chen’s research laboratory at the University of
Arkansas. The AuNCs were synthesized by galvanic replacement reaction between Ag nanocubes
(AgNCs) and HAuCl4, which was described in our previous study (Jenkins, Gohman, Miller, &
Chen, 2015). First, AgNCs were synthesized through a polyol process (Zhang, Li, Wen, Chen, &
Xia, 2010). Briefly, 50 mL EG was heated under stirring in an oil bath at 150 °C until the
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temperature was equilibrated. Then, EG solutions of 0.6 mL of NaHS (3 mM), 5 mL of HCl (3
mM), 12.5 mL of PVP (0.25 g), and 4 mL of AgTFA (282 mM) were sequentially injected into
the heated EG solution. After incubated at 150 °C for another 75 min, the suspension was cooled
in ice bath at room temperature to quench the reaction. Upon cooling, the product was collected
using acetone mixture at a 5:1 volume ratio and the product was collected by centrifugation at
6,000 rpm for 15 min. Finally, the product was purified twice with ultrapure water and collected
by centrifugation at 14,000 rpm for 10 min and resuspended in ultrapure water for future use.
AuNCs were synthesized through a galvanic replacement reaction where AgNCs were used as a
template. 10 mL aqueous solution of PVP (1 mg/mL) was heated to 100 oC and 0.5 mL of the
AgNCs above was injected into the solution. Then, HAuCl4 (1 mM) was titrated into the solution
through a syringe pump at a rate of 0.5 mL/min until the localized surface plasmon resonance
(LSPR) was tuned to 800 nm. Finally, the AuNCs were purified by saturated NaCl solution to
remove precipitated AgCl, collected by centrifugation at 11,000 rpm for 25 min, washed three
times and resuspended in ultrapure water at a concentration of 3.2 nM for future use.
5.3.3 Preparation of the aptamer capped PAMAM loaded AuNCs
At room temperature, 200 µL of AuNCs (3.2 nM) was centrifuged at 13,000 rpm for 10
min, and the supernatant was carefully removed. After rinsed with 200 µL of ultrapure water, the
AuNCs were washed with HCl (1 M) for 30 min at 15 rpm, and then rinsed with 200 µL of
ultrapure water. Each time after centrifugation, the AuNCs were sonicated for a few seconds in
case of aggregation. Then the AuNCs were incubated with a mixture of ssDNA-1 (25 µL, 100 µM)
and ssDNA-2 (12.5 µL, 200 µM) in 162.5 µL of KH2PO4 buffer (1M, pH 3.80) for 5 h. After
washed with 200 µL of PBS, the AuNCs were suspended in 20 µL of PAMAM (1.5G, 31.89 mM)
and 200 µL of PBS and reacted overnight for the PAMAM to disperse inside the AuNCs. To seal
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the pores of the PAMAM loaded AuNCs, 50 µL of aptamer (100 µM) in 200 µL of hybridization
buffer (NaCl 150 mM, Na2HPO4 20 mM, EDTA 0.1 mM, pH 7.44) was heated in boiling water
for 10 min, and then incubated with the PAMAM loaded AuNCs for 1 h with shaking. The AuNCs
were resuspended with 200 µL of ultrapure water for further use.
5.3.4 Immobilization of the PAMAM loaded AuNCs on the QCM electrode
First, a QCM electrode was immersed in NaOH (1 M) for 30 min and HCl (1 M) for 15
min, respectively, to remove surface contaminates, and then washed with ultrapure water and
ethanol alternately for three rounds. After dried under a stream of nitrogen, the electrode was
immersed in 1.6-hexanedithiol ethanol solution (ESH, 1%(v/v)) for 24-48 h at room temperature
in darkness to form self-assembled monolayers on the gold surface of the electrode. Then the
electrode was rinsed with ethanol and ultrapure water alternately for three rounds and dried under
a stream of nitrogen. The electrode was installed in a flow cell, and washed with ultrapure water
and PBS alternately for at least three rounds. The resonant frequency of the electrode was measured
by a QCA922 quartz crystal analyzer, which was connected to a computer for display. Finally, the
electrode was incubated with 200 µL of PAMAM loaded AuNCs for at least 3 h for the AuNCs to
be immobilized on the surface.
5.3.5 Detection of thrombin
The AuNCs immobilized electrode was washed with ultrapure water and PBS alternately
for at least three rounds, and then the signal in PBS was recorded as the baseline. 200 μL of
thrombin samples in different concentrations were added onto the prepared electrode and
incubated for 45 min to ensure sufficient binding between the aptamers and thrombin. After
washed with 200 μL of PBS and ultrapure water alternately for at least three rounds, the signal in
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PBS was obtained, and the difference between this signal and the PBS baseline was calculated as
the response to target thrombin.
5.3.6 Principle of the QCM biosensor for sensing thrombin
Scheme 5.1 shows the process of biosensor construction and thrombin detection. Aptamers
served two purposes: to “close” the AuNCs pores for sealing the cargo molecules, and to “open”
when thrombin was present. To meet the first purpose, two nucleotide sequences (TTT TT and
CCC C) were added to the two ends of the aptamers. Two ssDNA probes (GGG GG and AAA
AAA) with thiol groups were immobilized on the AuNCs through gold-thiol bond and could then
hybridize with the extra sequences on aptamers as a means to keep aptamers all over the AuNCs.
To meet the second purpose, the addition of thrombin could trigger a competitive displacement
reaction (Wang, Xu, & Li, 2015; Wang, Chen, Li, Wang, & Luo, 2015), in which the aptamers
would bind to thrombin due to high affinity and dissociate from the DNA probes on AuNCs. In
this way, the cargo molecules could be released from the AuNCs, resulting in frequency change in
the QCM platform as the detectable signal. Thrombin of a higher concentration could theoretically
bind to more aptamers and “open” more pores, leading to the release of more cargo molecules. In
this way, the amount of released cargo molecules from AuNCs was dependent on the concentration
of thrombin, and therefore the frequency increase could be considered as the projection and an
indicator of the concentration of thrombin. Therefore, based on the amplification by the targettriggered release of cargo molecules in AuNCs, the detection of thrombin could be achieved.
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Scheme 5.1. Illustration of the QCM biosensor based on target-triggered release of cargo
molecules inside AuNCs capped by aptamers for sensitive detection of thrombin. (A) The
process of loading cargo molecules into AuNCs; (B) The biosensor construction and thrombin
detection; (C) The thrombin-triggered release of cargo molecules.
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5.4 Results and discussion
5.4.1 Loading of cargo molecules into AuNCs
The AuNCs were prepared to act as the carrier of cargo molecules to amplify the signals
for detection of thrombin. Step by step, the AuNCs were immobilized with ssDNA probes, and
then loaded and capped with aptamers; in this process, the size of the functionalized AuNCs was
expected to increase accordingly.
The average size of the synthesized nanocages was 45 nm, with a pore size around 5 nm,
as shown in Figure 5.1. After immobilization of DNA probes, the average size is estimated to be
51.1 nm; and after aptamers sealed the cargo molecules inside, the average size is estimated to be
56.2 nm from TEM images. Due to the substrate of TEM grids containing carbon, it is difficult to
accurately measure the size increase after surface functionalization. Alternatively, the
hydrodynamic size measured by dynamic light scattering (DLS) increased from 87.6 nm for the
bare AuNCs, to 117.5 nm for the AuNCs with ssDNA probes, and finally to 122.7 nm with
PAMAM 1.5 G loaded and aptamers sealed AuNCs, confirming the surface modification of
ssDNA probes and the aptamers. The size information from TEM and DLS is listed in Table 5.1.

Figure 5.1. (A) TEM image of AuNCs; (B) Zoom-in TEM image of the 45 nm AuNCs with 5 nm
pores. The TEM images were provided by Dr. Jingyi Chen’s research laboratory at the
University of Arkansas.
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Table 5.1. The step-by-step size monitoring of the AuNCs immobilization process.
Immobilization step

TEM size (nm)

AuNCs-ssDNA-aptamers
AuNCs-ssDNA
AuNCs

56.2 ± 5.5
51.1 ± 3.7
45.8 ± 3.5

Hydrodynamic size (nm)
122.7 ± 2.0
117.5 ± 1.7
87.6 ± 0.6

The loading and sealing process was also confirmed by stepwise immobilization on the
surface of a QCM electrode, as shown in Figure 5.2. During this process, 200 µL of empty AuNCs
(3.2 nM) in ultrapure water were first immobilized on a QCM electrode (-538.5 Hz). Then thiolated
ssDNA probes (25 µL of ssDNA-1 (100 µM) and 12.5 µL of ssDNA-2 (200 µM) in 162.5 µL of
1M KH2PO4 buffer) were added on the electrode and incubated for 3 h (-123.5 Hz). (It is noted
that after ssDNA probes were added, there was an immediate drop in frequency (around -600 Hz)
compared to the previous PBS wash. However, this does not indicate a huge amount of ssDNA
probes were attached to the electrode surface. The ssDNA probes were in KH2PO4 buffer (1M, pH
3.80), which had a different pH value and quality factor from the PBS buffer (pH 7.4, 0.1 M), and
a frequency drop such as -600 Hz could be caused by such change in buffer solutions (Liang, Zhao,
Kong, Chen, & Ueda, 2018). It is the frequencies in PBS before and after the addition of ssDNA
probes that should be compared.) For loading the AuNCs, 250 µL of HRP (1 mg/mL in PBS) was
added on the surface of the electrode and incubated overnight. For sealing the AuNCs, 250 µL of
boiled aptamers (50 µL of aptamer (100 µM) in 200 µL of hybridization buffer) were added on
the electrode and incubated for 1 h (-137.3 Hz). The decreased frequency showed successful
immobilization during each step. Although the loading of AuNCs was done while the AuNCs were
already immobilized on the QCM electrode, a test using this electrode showed that 86 nM thrombin
could cause a similar frequency change (67.8 Hz) compared to the test results on the developed
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biosensor (69.6 Hz), when AuNCs were loaded with HRP and sealed before immobilized on the
QCM electrode.

Figure 5.2. Stepwise monitoring of empty AuNCs, ssDNA probes immobilized AuNCs, HRP
loaded and aptamer sealed AuNCs, and a typical thrombin detection.
5.4.2 Releasing of cargo molecules out of AuNCs
A typical QCM sensorgram for thrombin detection was shown in Figure 5.3. Frequency
decrease was observed after loaded AuNCs were immobilized on the QCM electrode surface; and
upon addition of target thrombin, frequency increase was observed, indicating the cargo molecules
were released. At least three rounds of washing steps using ultrapure water and PBS were
conducted before recording the corresponding signal, which was obtained only when the signal in
PBS had a difference no more than 5 Hz from that of the previous wash in PBS.
To verify the frequency response gained in this test, a negative control was designed where
there were no cargo molecules loaded inside the AuNCs. With a 45 min incubation of an 86 nM
thrombin sample, the frequency change was 1 Hz. Compared to the signal using PAMAM 1.5 G
loaded AuNCs (67.9 Hz), there was almost no signal when the AuNCs were empty. This showed
that the signal in frequency change was a good projection of entrapping/releasing of the cargo
molecules. Meanwhile, to eliminate false signals caused by leakage of the cargo molecules, the
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PAMAM 1.5 G loaded AuNCs immobilized QCM electrode was first incubated with only PBS
buffer for 45 min as negative control. The frequency change was less than 1 Hz, indicating that
the ssDNA probes and aptamers had successfully sealed the pores on the AuNCs as well as the
effectiveness of the capping strategy.

Figure 5.3. A typical sensorgram of the QCM aptasensor, showing frequency changes of AuNC
immobilization (ΔF*) and target detection (ΔF).
5.4.3 Selection of the cargo molecules
As described above, the mechanism of detection is the selective release of cargo molecules
from AuNCs at the presence of thrombin. The size and molecular weight of the cargo molecules
loaded in AuNCs are the major factors that determines the overall entrapped mass and thus
sensitivity of the biosensor by affecting the extent of frequency change on the QCM platform. In
this study, rhodamine B, erythrosin B, PAMAM 0.5 G, PAMAM 1.5 G, and HRP were chosen as
different cargo molecules and loaded into the AuNCs, then tested with 86 nM thrombin. As shown
in Figure 5.4A, the responsive frequency changes rapidly increased from 0.2 Hz to 72.9 Hz as the
molecular weight increase from 480 Da to 1,269 Da, and then tended to remain at a similar level
as the molecular weight increase from 1,269 Da to 44,000 Da. Our hypothesis is that for smaller
molecules, their differences in size are not significant compared to the size of the AuNCs, and
therefore there’s similar number of molecules entrapped in AuNCs. In this case, heavier molecules
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would cause a larger frequency change; however, when the size of cargo molecules continue to
increase, since the inside volume of the AuNCs is limited, as the loading molecule gets bigger and
heavier, the number of the cargo molecules allowed in AuNCs will simultaneously decrease, which
leads to similar overall mass inside AuNCs as a combined result. This could explain why PAMAM
0.5 G, PAMAM 1.5 G, and HRP were observed to cause similar frequency changes. However,
considering the instability of HRP, PAMAM 0.5 G and PAMAM 1.5 G were chosen for the
following optimization experiment. As shown in Figure 5.4B, the frequency change of the
biosensor loaded with PAMAM 1.5 G was higher than that with PAMAM 0.5 G at different
concentrations. Therefore, PAMAM 1.5 G was chosen as the final loading molecules to build the
QCM biosensor.

Figure 5.4. (A) Thrombin (86 nM) tested using different cargo molecules with the molecular
weight ranging from 480 Da to 44,000 Da; (B) Comparison between PAMAM 0.5 G and
PAMAM 1.5 G as cargo molecules in thrombin detection, with the concentration of thrombin
ranging from 0.0086 nM to 86 nM.
5.4.4 Detection of thrombin
For thrombin concentration ranging from 0.0086 nM to 86 nM, the average frequency
change increased from 14.0 Hz to 67.9 Hz, indicating that the release of PAMAM 1.5 G was highly
dependent on the concentration of thrombin. As shown in Figure 5.5, a good linear relationship
was obtained between the frequency change (ΔF, Hz) and the thrombin concentration (C, nM) in
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the range from 0.0086 nM to 86 nM: ΔF =13.0 × lgC + 38.3 (R2 = 0.97). The LOD (σ+3s) was 0.8
pM.

Figure 5.5. Frequency change and thrombin concentrations (lg nM) from 0.0086 nM to 86 nM
using PAMAM 1.5 G as cargo molecules.
To evaluate the performance of this biosensor, the detection limit and linear range in our
study was compared with other previously reported methods, and the results are listed in Table 5.2.
Compared to lateral flow assay, our method is much more sensitive. Compared to other methods,
our method was among the best in terms of detection time, with comparable LOD and linear range.
This was because only one step of incubation between thrombin and aptamers was needed. The
signal amplification was achieved by releasing heavier molecules than the target thrombin itself,
which happened at the same time as the aptamers were binding with the target thrombin. In this
case, without adding additional labels or triggering more reactions, the whole detection process
was simple and fast. Therefore, this QCM biosensor based on target-triggered release of the cargo
molecules from AuNCs has great potential for the detection of thrombin.
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Table 5.2. Comparison of thrombin detection to other biosensors reported.
Sensning
platform

Linear range

Detection
limit

Detection
time

Reference

Enzyme linked
assay

0.5-34 pM
0-300 fM
0.3-100 nM

0.2 pM
25 fM
0.15 nM

1.5 h
6h
2h

ELISA Kit (ab270210)
(Park et al., 2014)
(Wang et al., 2017)

Lateral flow
assay

-

1.5 nM

10 min

(Liu et al., 2019)

0.71 pM

1h

(Liu et al., 2018)

8.6 nM
1.0 pM
0.55 pM

1h
2h
2.5 h

(Chen et al., 2017)
(Li et al., 2019)
(Wang et al., 2018)

10 pM

1.5 h

(Chen et al., 2019)

0.2 pM

1.5 h

1.0-100 nM

1 nM

2h

(Yang et al., 2020)
(Bayramoglu et al.,
2019)

0.5–12.5 nM

0.1 nM

1h

(Chen et al., 2010)

8.6 pM-86 nM

0.8 pM

1.5 h

this study

10-500 pM, 1-60
nM
0.5-75 nM
Fluorescence
50 pM-5 nM
Chemiluminesce 1-25 pM
1 pM-10 pM, 10
Electrochemistry pM- 1 µM
1 pM-10 nM
Resonance light
scattering

QCM

5.4.5 Evaluation of the specificity
In this study, the specificity was ensured by the aptamers against thrombin: the nanocages
capped with aptamers would only bind to thrombin, and later open the pores on the nanocages to
release cargo molecules and cause frequency change.
To evaluate the specificity of the biosensor, BSA and lysozyme at the concentration of 1
µM were tested as the interfering protein, and their frequency changes caused was 2.9 Hz and 2.7
Hz, respectively. Compared to the frequency change of thrombin at 8.6 pM (14.0 Hz) and the limit
of detection of 0.8 pM (10.8 Hz), the signals of BSA and lysozome did not have significant effects,
as shown in Figure 5.6. Therefore, the biosensor has good specificity targeting thrombin.
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Figure 5.6. Specificity test of the biosensor. The signals of PBS (negative control), BSA (1 µM)
and lysozyme (1 µM) was collected and compared to the lowest concentration of thrombin tested
(8.6 pM).
5.5 Conclusions
In this work, we developed PAMAM loaded AuNCs capped with aptamers to generate
sensitive and specific response for thrombin detection, and optimized the choice of cargo
molecules based on their size, weight, and stability. The QCM biosensor had a good linear range
from 0.0086 nM to 86 nM with a LOD of 0.8 pM, and the label-free platform requires simple
operation and a detection time within 1.5 h. The biosensor also had a good specificity under various
interfering proteins. This platform has the potential to be utilized for detection of other proteins
with their related aptamers.
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Chapter 6. A label-free fluorescent aptasensor based on target-triggered release of
rhodamine B from gold nanocages for rapid detection of avian influenza virus H5N1 in
poultry
6.1 Abstract
In this study, a label-free fluorescent biosensor was developed for rapid detection of avian
influenza virus (AIV) H5N1 using selected aptamers as the target-triggered gates over porous gold
nanocages to specifically bind to AIV H5N1 and release the rhodamine B molecules for
fluorescence signals. The biosensor only required one step of incubation of 40 min, and was
evaluated for detection of AIV H5N1 in both PBS and chicken tracheal swab samples. The
biosensor had a linear range of 2-3 to 24 HAU/50 µL and 20 to 24 HAU/50 µL for AIV H5N1 in
PBS and chicken tracheal swab samples, respectively, and a limit of detection of 0.1 HAU/50 µL
and 0.7 HAU/50 µL for AIV H5N1 in PBS and chicken tracheal swab samples, respectively.
Comparing the detection results in PBS and chicken tracheal swab samples, the biosensor had a
recovery rate of 83-96% with different titers. The specificity of the biosensor for detection of AIV
H5N1 was validated against avian influenza virus H1N1, H2N2, H5N2, and H7N2 at 1 HAU/50
µL. Real-time RT-PCR tests were conducted with different titers from 2-1 to 24 HAU/50 µL to
validate the titration of the AIV H5N1 samples. The biosensor showed potential in simultaneous
detection of various targets using their specific aptamers and fluorophores with different emission
wavelengths loaded in gold nanocages.
6.2 Introduction
Avian influenza A (H5N1) virus is highly pathogenic to human and circulates among
poultry and wild birds, posing a threat to human health through poultry markets (Chen et al., 2005;
WHO, 2008). The Food and Agriculture Organization (FAO) estimated that AIV H5N1 has led to
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the death or destruction of more than 200 million birds worldwide, and economic losses of over
$20 billion (Kumar et al., 2008). AIV H5N1 could cause severe respiratory diseases in birds;
although it is difficult for the virus to transfer among people, it still occasionally occurs, with a
60% mortality rate if infected (WHO, 2011). The first documented human infection case was in
1997, when a Hong Kong boy was admitted to the hospital and died (Claas et al., 1998). Since
then, the virus could be detected in birds from more than 50 countries, and Bangladesh, China,
Egypt, India, Indonesia, and Vietnam were considered endemic for AIV H5N1 in poultry. So far,
the total number of human infection cases that have been reported to WHO is 862, including 455
deaths worldwide from 2013 to 2021 (CDC, 2021). Also, since flu viruses constantly change, avian
influenza virus such as AIV H5N1 has pandemic potential (CDC, 2018). Therefore, it is crucial to
be able to identify and track the virus, and the key is to achieve rapid and reliable detection of AIV
H5N1.
The conventional methods for detection of AIV H5N1 include virus culture methods
combined with serologic testing, which are sensitive but could take up to 2 weeks (Ng et al., 2005).
Nucleic based methods such as reverse transcription-polymerase chain reaction (RT-PCR) is a
widely used method for sensitive detection of the virus, but the detection usually require expensive
equipment, laboratory conditions, and complex steps such as RNA extraction (Hoffmann et al.,
2007; Payungporn et al., 2006). Lateral flow assays (LFA, strips) are cost-effective and portable,
but their results are often qualitative with high limit of detection (LOD); in recently years, with
the development of smart-phone based detection platforms, the sensitivity and reliability has
greatly improved, but sample preparation remains a challenge (Banerjee & Jaiswal, 2018; Kim et
al., 2018; Yeo et al., 2016). Likewise, biosensors include various detection platforms to choose
from, and there are a variety of biosensing tools for rapid, sensitive and specific detection of
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bacteria and viruses such as AIV (Fu et al., 2017; Lee et al., 2019; Lee et al., 2019; Lin et al., 2017;
Wong et al., 2017; Zhang et al., 2020).
Nanocarriers in drug delivery has been a hot topic with more than 100 publications
published every month since 1995, and has been commercialized for therapies (Zhao et al., 2019).
Among various nanostructures, gold nanocages (AuNCs) have received increasing interest for
their hollow structures and thin porous walls. Porous AuNCs were first reported as nanocarriers
covered by smart polymers for near-infrared light triggered release of cargo molecules by Yavuz
et al. (2009) due to excellent photothermal effect of AuNCs. Since then, various on/off switches
have been designed and tested using porous AuNCs, which could be responsive to temperature (Li
et al., 2011; Sun et al., 2017), pH (Shi et al., 2012), light irradiation (Cheng et al., 2018; Zhang et
al., 2017), or molecular interactions (Wang, Li, Tang, Song, & Luo, 2020), and have been utilized
for targeted drug delivery (Feng et al., 2019), sensing (Wang, Chen, Li, Wang, & Luo, 2015), and
imaging (Moon et al., 2011).
Among these on/off switches, aptamers, as DNA or RNA sequences, could form secondary
or tertiary structure, and bind to targets with high affinity and specificity (Luzi, 2003). Therefore,
aptamers have been used as smart gates due to their ability to change formation at the presence of
specific targets (Chen et al., 2018; Luzi, Minunni, Tombelli, & Mascini, 2003; Özalp & Schäfer,
2011). For example, Jia et al. (2021) used aptamers as the smart gate for sensitive detection of
fibrillar insulin. They immobilized DNA probes that were complimentary to insulin aptamers on
porous AuNCs, and then loaded fluorescent molecules into the AuNCs, which were later capped
inside AuNCs by aptamers that hybridized with the DNA probes. These aptamer gates coud be
opened upon binding to fibrillar insulin, and release the cargo molecules for fluorescent detection.
There are also some studies on aptamers as smart gates on other porous nanostructures for
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controlled release of cargo molecules for detection or target-triggered delivery (Chen et al., 2017;
Mo et al., 2015; Wang et al., 2020; Zheng et al., 2015).
However, the targets in the above studies are small molecules (< 5nm). In chapter 5, targettriggered release of cargo molecules from AuNCs was applied for detection of thrombin (< 5 nm),
and obtained amplified signals compared to the signals of direct detection of thrombin. In this
chapter, the same biosensing principle for detection of AIV H5N1 was studied. Compared to
thrombin, AIV H5N1 (80-120 nm) are larger particles with more binding sites, and therefore less
number of particles would be needed to release enough amount of cargo molecules for further
detection. Rhodamine B was loaded inside the AuNCs for label-free fluorescence detection.
Aptamers against H5N1 was developed by Wang et al. (2013) using SELEX method with high
binding affinity and specificity. Two kinds of DNA probes with thiol groups could hybridize with
both ends of the aptamers. The DNA probes were designed with 15 bases, which was adopted from
a study using bio-nanogate controlled enzymatic reaction for AIV H5N1 detection (Wang, Xu, &
Li, 2015).
The biosensing principle is shown in Figure 6.1. For construction of the fluorescence
loaded AuNCs, DNA probes were immobilized on the AuNCs through gold-thiol bonds, and then
fluorescent dyes were incubated with the AuNCs for loading, and finally the aptamers were added
to hybridize with the DNA probes and acted as “gate” to close the pores on the AuNCs. For
fluorescence detection, when a sample containing AIV H5N1 was added to the loaded AuNCs,
due to the high affinity of the aptamers agianst AIV H5N1, these aptamers formed secondary
structure and bind to AIV H5N1, and dissociated from the DNA probes, opening the “gate” on the
pores of the AuNCs and releasing the fluorescent dyes to generate fluorescence signals. The
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displacement reaction (competitive substitution reaction) has been described in other studies
(Wang, Chen, Li, Wang, & Luo, 2015; Wang, Li, Tang, Song, & Luo, 2020).
The objective of this study was to develop a rapid biosensing method for detection of AIV
H5N1 in poultry, which (1) only required one step of 40 min incubation due to the label-free design;
and (2) made efficient use of each binding site on H5N1, since the dissociation of an aptamer from
DNA probes could lead to the release of plenty of cargo molecules from AuNCs; and (3) avoided
steric hindrance problems that traditional fluorescent methods have, where only a limited number
of fluorescent labels such as quantum dots (10-20 nm) could bind to the surface of H5N1 virions.
In other words, only aptamers, but not the AuNCs, were designed to bind to and remain on the
surface of the H5N1 virions. The fluorescent cargo used was rhodamine B, a common dye that is
highly cost-effective, but its fluorescence is much weaker than quantum dots at the same
concentration. However, due to the sufficient use of binding sites on H5N1 virions, this fluorescent
biosensor using rhodamine B for signals had comparable performance to the previously reported
florescent biosensor for detection of AIV H5N1 using quantum dots as reporters (Xu, Wang, Kelso,
Ying, & Li, 2016). This biosensor has the potential to be utilized for simultaneous detection of
multiple targets by using different specific aptamers as the target-triggered gates, and fluorophores
with different emission wavelengths as cargo molecules.

Figure 6.1. Illustration of the biosensor based on target-triggered release of cargo molecules
inside AuNCs capped by aptamers for detection of AIV H5N1. (A) The process of loading dyes
into AuNCs; (B) The AIV H5N1-triggered release of dyes for fluorescence detection.
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6.3 Experimental methods
6.3.1 Reagents and materials
1.6-hexanedithiol, Rhodamine B, and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich (St. Louis, MO). Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O),
ethylene glycol (EG), sodium hydrogen sulfide (NaHS), hydrochloric acid (HCl),
Poly(vinylpyrrolidone) (PVP, MW = 55 000), silver tri-fluoroacetate (AgTFA), NaCl, phosphate
buffered saline (PBS, pH 7.4, 0.1 M), and rhodamine B were purchased from Alfa Aesar (Haverhill,
MA). The inactivated AIV H5N1 (A/Chicken/Scotland/59) was obtained from USDA-APHIS
National Veterinary Services Laboratories (NVSL, Ames, IA). The ssDNA probe 1 (/5ThioMC6D/CA ACA GGA CAA CTA T), ssDNA probe 2 (GCT ATC CAT GCA CAC /3ThioMC3-D/),
the aptamer (GTG TGC ATG GAT AGC ACG TAA CGG TGT AGT AGA TAC GTG CGG GTA
GGA AGA AAG GGA AAT AGT TGT CCT GTT G), the forward primer (AGA TGA GTC TTC
TAA CCG AGG TCG), the reverse primer (TGC AAA AAC ATC TTC AAG TCT CTG), and the
fluorescent probe (/56-FAM/TC AGG CCC C/ZEN/C TCA AAG CCG A/3IABkFQ/) were
synthesized by Integrated DNA Technologies, Inc. (Coralville, IA). The rayon swabs (25-806 1PR
BT) were purchased from Puritan Medical Products (Guilford, ME). The QIAamp viral RNA mini
kit and QIAGEN OneStep RT-PCR Kit (100) were purchased from QIAGEN (Hilden, Germany).
The Arduino Uno R3 board was purchased from Arduino (Somerville, MA). The 405 nm laser
light source was purchased from lights88-Amazon (Seattle, WA), with a voltage of 3 V when used.
A Hamamatsu spectrometer (C12880MA) and a breakout board were purchased from GroupGets,
LLC (Reno, NV).
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6.3.2 Preparation of the AuNCs loaded with rhodamine and capped with aptamers
The AuNCs were synthesized by hollowing out the interior of silver nanocubes with
HAuCl4 through galvanic replacement. The detailed fabrication process was described in chapter
5. The AuNCs were provided by Dr. Jingyi Chen’s research laboratory at the University of
Arkansas. At room temperature, 200 µL of AuNCs (3.0 nM) was centrifuged at 13,000 rpm for 10
min, and most of the supernatant was carefully removed. After rinsed with 200 µL of H2O, the
AuNCs were washed with HCl (1 M) for 30 min at 15 rpm, and then rinsed with 200 µL of H2O.
Each time after centrifugation, the AuNCs were sonicated for a few seconds, and then mixed using
a vortex in case of aggregation. Then the AuNCs were incubated with a mixture of ssDNA-1 (25
µL, 50 µM) and ssDNA-2 (12.5 µL, 100 µM) in 162.5 µL of KH2PO4 buffer (1M, pH 3.80) for 5
h. After washed with 200 µL of PBS, the AuNCs were suspended in 200 µL of rhodamine B (3
mM) in PBS and reacted overnight for the rhodamine B to disperse inside the AuNCs. To close
the pores of the rhodamine B loaded AuNCs, 25 µL of aptamer (100 µM) in 200 µL of
hybridization buffer (NaCl 150 mM, Na2HPO4 20 mM, EDTA 0.1 mM, pH 7.44) was heated in
boiling water for 10 min, and then incubated with the rhodamine B loaded AuNCs for 1 h with
shaking. The AuNCs were resuspended with 75 µL of PBS for further use.
6.3.3 Fluorescence detection of avian influenza virus H5N1
Rhodamine B was selected as the fluorescent cargo molecules to be loaded inside AuNCs
for detection of AIV H5N1. For fluorescent tests with AIV H5N1, the AuNCs loaded with
rhodamine B molecules were washed with ultrapure water (13,000 rpm, 10 min) for 10 rounds to
get rid of the residue fluorescence, and the supernatant from the 10th round of wash presented no
fluorescence peak at 572 nm. 50 µL of the fully washed AuNCs were mixed with 50 µL of samples
containing AIV H5N1 from 2-4 to 24 HAU/50 µL and incubated for 40 min, and then the AuNCs
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were centrifuged at 14,000 rpm for 5 min. At last, 85 µL of the supernatant was collected for
fluorescent measurement.
6.3.4 Preparation of chicken tracheal swab samples
Eight swabs were collected from chickens in the John Kirkpatrick Skeeles Poultry Health
Laboratory at the University of Arkansas. The swab sampling and experiment were approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of Arkansas. Each
swab was immersed into 1.5 mL of PBS and vortexed for at least 15 s to ensure sufficient mixing.
The swab was pressed against the inside of the tube for 10-20 times to ensure collection. All the
chicken swab samples from 8 swabs were mixed together and then put in a 4°C fridge for 1 h so
that large particles could precipitate, after which the supernatant was carefully taken and filtered
through a 0.45 μm filter. The filtrate was spiked with AIV H5N1 stock to make titers from 2-1 to
24 HAU/50 µL for detection using both the fluorescent biosensor developed and rRT-PCR method.
Chicken swab samples without spiked H5N1 virus were used as the negative control.
6.3.5 Detection of AIV H5N1 using rRT-PCR method
RNA extraction was performed using the QIAamp viral RNA mini kit, following the
protocol provided with the kit. Samples containing AIV H5N1 from 2-4 to 24 HAU/50 µL in PBS,
and chicken tracheal swab samples spiked with AIV H5N1 from 2-1 to 24 HAU/50 µL were
prepared for RNA extraction. PBS and chicken swab samples without AIV H5N1 were used as
negative control. For each test, 50 µL of the sample was used for RNA extraction, and 60 µL of
buffer AVE was used during the elution step.
Real-time RT-PCR (rRT-PCR) test was conducted with the QIAGEN OneStep RT-PCR
Kit according to the protocol provided, along with modifications of the amount of reagents used,
as shown in Table 6.1. The rRT-PCR test was performed using the CFX384 Real-Time System
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(C1000 touch thermal cycler, purchased from Bio-Rad Laboratories, Inc., Hercules, CA). The PCR
was programmed for reverse transcription (50°C for 30 min), initial PCR activation (95°C for 15
min), 45 cycles of 3-step cycling (94°C for 1 min, 60°C for 1 min, and 72°C for 1 min), and final
extension (72°C for 10 min).
Table 6.1. Reaction components for the one-step rRT-PCR method.
Component
QIAGEN Onestep RT-PCR Buffer, 5x

Volume/reaction (µL)
5

dNTP mix (10mM each)
Primer Forward (5µM)
Primer Reverse (5µM)
Fluorescent Probe (5µM)
Rnase free water
QIAGEN Onestep RT-PCR Enzyme
Mix
Template RNA
Total

1
3
3
0.75
6.25

Final concentration
1x
400 µM of each
dNTP
0.6 µM
0.6 µM
0.15 µM
-

1
5
25

-

6.4 Results and discussion
6.4.1 Characterization and platform setup
TEM and SEM images of 45 nm AuNCs with a pores size of 5 nm are shown in Figure
6.2A. The TEM samples were prepared by dropping 3 µL of AuNCs (15 pM) on TEM grids with
overnight air dry. The images were processed by ImageJ for calculating the sizes of the AuNCs
and pores. The AuNCs had an average size of 45 nm, and the pore size of 5 nm.

Figure 6.2. (A)TEM and (B) SEM images of the 45 nm AuNCs with pores. The TEM image was
provided by Dr. Jingyi Chen’s research laboratory at the University of Arkansas.
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The platform for fluorescence detection is shown in Figure 6.3. A black holder was
fabricated to hold the light source, the spectrometer, and the sample glass tube in place, where the
optical paths of the excitation and emission could form a 90° angle. The signals of the spectrometer
went through the breakout board, the Arduino board, and were received by the laptop through a
serial monitor.

Figure 6.3. Setup of the fluorescence detection module with the C12880 spectrometer. The
spectrometer was connected to a laptop for data processing and display.
First, the relationship between fluorescent intensity and the number (concentration) of
rhodamine B molecules should be established for further calculation and estimation. The
fluorescence signal of 10-100 nM rhodamine B is shown in Figure 6.4. The linear regression
between I (fluorescence intensity, counts) and c (concentration of rhodamine B, nM) is:
I = 0.78 c +33.21

Figure 6.4. Fluorescence signals of pure rhodamine B based on different concentrations of
rhodamine B tested.

115

(6.1)

6.4.2 Fluorescence detection of avian influenza virus H5N1
The stock AIV H5N1 with an original titer of 128 HAU/50 µL was 2-fold diluted into titers
from 2-4 to 24 HAU/50 µL in PBS and tested with the fluorescent biosensor. The target virus would
bind to the aptamers on the AuNCs, open the “gate”, and as a result release the rhodamine B
molecules. The fluorescence intensity was recorded as the response. As shown in Figure 6.5, as
the titer increased from 2-4 to 24 HAU/50 µL, the fluorescence intensity increased from 169 counts
to 483 counts. PBS was used as the negative control, with a fluorescence intensity of 161 counts.
This was due to a higher titer of AIV H5N1 with more virions would bind to more aptamers, open
more AuNCs, release more fluorescent cargo molecules, and eventually cause greater fluorescence
signals. A linear relationship between fluorescence intensity y (counts) and logarithmic value of
AIV H5N1 titer x (log2 HAU/50 µL) was established as y = 11.51x + 207.77 (R² = 0.88) in the
range from 2-4 to 21 HAU/50 µL, and y = 82.43x + 129.83 (R² = 0.95) in the range from 21 to 24
HAU/50 µL, respectively. Two linear regressions were used for best prediction for the fluorescent
biosensor. It is reasonable to assume that more H5N1 virions could bind with more aptamers on
AuNCs for releasing of cargo molecules. The reaction process could be very complex, but in ideal
conditions, there are two major factors that affect the binding process: (1) the amount of H5N1
virions; and (2) the probability for each H5N1 virion to bind with aptamers on AuNCs. If the
probability for each H5N1 virion to bind with aptamers on AuNCs is a constant value, then the
fluorescence signal would be linear proportional to the amount of the H5N1 virions. However, it
is likely that for H5N1 virions of a low number, their possibility to get near aptamers on AuNCs
is very low; and when the amount of H5N1 increased, the proportion of H5N1 virions in the
solution also increased, which improved their probability to bind to aptamers, release fluorescent
dyes, and eventually generate fluorescence signals. Therefore, when graphing fluorescence signals
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as a function of H5N1 concentration, it is expected that the slope of the graph is an increasing
value. The LOD of this biosensor was calculated by adding up the mean of negative control and
three times of its standard deviation, which was 0.1 HAU/50 µL. The label-free fluorescent
biosensor only needs one step of incubation of 40 min.

Figure 6.5. (A) Fluorescent tests of AIV H5N1 with different titers in PBS. (B) Fluorescent
spectrum of detection of AIV H5N1 with different titers in PBS.
The chicken tracheal swab samples were spiked with the inactivated AIV H5N1 and tested
with the developed fluorescent biosensor. Chicken tracheal swab sample without any spiked virus
was used as the negative control. The chicken swabs used was shown in Figure 6.6 (A), and the
chicken swab sample after shaking was shown in Figure 6.6 (B). There were plenty of bubbles
after shaking, indicating there were proteins and other substances in the chicken swab sample as
the background environment.

Figure 6.6. (A) Eight chicken swabs freshly collected from the chicken. (B) Vigorously mixed
PBS (left) and chicken swab sample (right).
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The detection of spiked chicken tracheal swab samples followed the same with the process
of AIV H5N1 detection in PBS. Briefly, 50 µL of AIV H5N1 spiked samples of titers from 2 -1 to
24 HAU/50 µL were mixed with 50 µL of AuNCs and incubated for 40 min for fluorescence
detection. As shown in Figure 6.7, the fluorescence intensities of AIV H5N1 with different titers
of chicken tracheal swab samples were at a similar level to that of the AIV H5N1 in PBS. A linear
relationship between fluorescence intensity y (counts) and logarithmic value of AIV H5N1 virus
titer x (log2 HAU/50 µL) was established as y = 29.73x + 182.13 (R² = 0.99) in the range from 2-1
to 22 HAU/50 µL, and y = 96.00x + 51.56 (R² = 1.00) in the range from 22 to 24 HAU/50 µL,
respectively. The LOD of this biosensor in chicken tracheal swab samples was calculated by
adding up the mean of negative control and three times its standard deviation, which was 0.7
HAU/50 µL, being close to the biosensor for detection spiked AIV H5N1 samples in PBS.
However, the error bars were observed to be larger in the chicken tracheal swab samples. It is
likely that the proteins and other larger particles interfered the binding of the AIV H5N1 virus and
the aptamers. Judging by the fact that the fluorescence signals of the AIV H5N1 in chicken tracheal
swab samples were slightly lower than that in PBS, the reason could be that the interfering particles
non-specifically coated on some of the aptamers on AuNCs, which prevented the H5N1 virions
from binding.

Figure 6.7. (A) Fluorescent tests of AIV H5N1 with different titers in spiked chicken tracheal
swab samples. (B) Fluorescent spectrum of detection of AIV H5N1 with different titers in spiked
chicken tracheal swab samples.
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6.4.3 Analysis of target-triggered release process
During fluorescent detection of AIV H5N1 from 2-4 to 24 HAU/50 µL in PBS, the
fluorescence signals increased from 169 counts to 483 counts. Take the fluorescence signal of 24
HAU/50 µL (483 counts) as an example: based on equation 1, the concentration of the released
rhodamine B was 577 nM, indicating a total of 3.47×1013 rhodamine B molecules were released.
This is around 86.8% of the total rhodamine B molecules inside AuNCs (4.0 × 1013, calculated in
Appendix 2). In other words, 86.8% of the AuNCs were opened by the sample of 24 HAU/50 µL.
According to the estimation in Appendix 2, considering each H5N1 could release 9,735 to 676,500
rhodamine B molecules, a sample of 24 HAU/50 µL containing 1.6 × 108 virus particles could
trigger the release of 1.6 × 1012 to 1.1 × 1014 rhodamine B molecules. The experimental result of
3.47×1013 rhodamine B molecules fell into this estimated range. In fact, the experimental result
indicated that for a sample of 24 HAU/50 µL, each H5N1 virion could trigger the release of 216,875
rhodamine B molecules, which would be released from 1,314 completely opened AuNCs. And
since each pore was capped by 2.3 aptamers (estimated in Appendix 2), it was likely that each
AuNC was opened by the dissociation of 1 or 2 aptamers from DNA probes.
The rhodamine B loaded AuNCs were mixed with the samples containing 2 HAU/50 µL
of AIV H5N1 and reacted for 10, 20, 30, 40, 50, and 60 min to observe the release of rhodamine
B molecules as a function of time, and PBS was used as the negative control to evaluate the leakage
of cargo molecules. As shown in Figure 6.8, the fluorescence signal caused by AIV H5N1 started
to reach the maximum value around 40 min, and longer incubation time would not cause further
increase. In general, the releasing rate of rhodamine B decreased along with time. To estimate the
releasing rate of rhodamine B from AuNCs, consider all the rhodamine B molecules were released
in the first 40 min. To simplify the estimation, consider the releasing rate was consistent from 0 to
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40 min. Based on the calculation that each AuNC released 165 rhodamine B molecules (Appendix
2), the average releasing rate from each AuNC is 4 molecules/min.

Figure 6.8. The fluorescence signal of the biosensor as a function of time.
To determine the leakage of the rhodamine B from AuNCs, the fluorescence signals of the
sample without AIV H5N1 were recorded (133-158 counts). Based on equation 1, the
concentration of rhodamine B was around 128-160 nM, indicating a total of 7.7 - 9.6 × 1012
rhodamine B molecules were released, which is 19-24% of the total rhodamine B molecules inside
the AuNCs. The leakage was possibly due to the separation of AuNCs with centrifugation, where
aptamers were deformed and deviated from the pores.
6.4.4 Specificity of the biosensor
The specificity of the developed fluorescent biosensor was validated using no-target AIV
subtypes H1N1, H2N2, H5N2, and H7N2 with a titer of 1 HAU/50 µL in PBS. The results were
shown in Figure 6.9. Compared to fluorescence intensity caused by AIV H5N1 (205 counts), the
average fluorescence intensities of H1N1, H2N2, H5N2, and H7N2 were 163, 153, 162, and 163
counts, respectively, which was at the same level of negative control (161 counts). These
fluorescence signals caused by the non-target subtypes were possibly merely due to the leakage of
rhodamine B from the AuNCs, which is similar to the leakage rate of 19-24% discussed above.
All signals of the non-target subtypes were not significantly different from the negative control,
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but significantly different from that of AIV H5N1. The specificity of the biosensor was dependent
on the aptamers used for closing the pores on the AuNCs.

Figure 6.9. Fluorescence intensity of the label-free fluorescent biosensor for four non-target AIV
subtypes and the target AIV H5N1 at 1 HAU/50 µL. PBS was used as the negative control.
6.4.5 Detection of avian influenza virus H5N1 with rRT-PCR
The AIV H5N1 samples of titers from 2-1 to 24 HAU/50 µL in PBS and the chicken tracheal
swab samples were used to perform rRT-PCR. For detection in PBS, the average cycle threshold
(Ct) values for 2-1, 20, 21, 22, 23, and 24 HAU/50 µL were 30.86, 29.90, 28.59, 27.41, 25.98, and
24.60, respectively. The result in PBS without spiked virus was N/A, meaning there was no signal
for negative control. A linear relationship between cycle threshold y (cycle) and logarithmic value
of AIV H5N1 virus titer x (log2 HAU/50 µL) was established as y = -1.26x + 29.79 (R² = 1.00) in
the range from 2-1 to 24 HAU/50 µL.
Linear relationship could be found between the Ct value acquired from rRT-PCR y (cycle)
and the fluorescence intensity x (count) acquired by the biosensor, as shown in Figure 6.10(C).
There are also two linear ranges, which is similar to the calibration curve of the biosensor: in the
range from 2-1 to 21 HAU/50 it was y = = -0.05x + 40.12 (R² = 1.00), and in the range from 22 to
24 HAU/50 µL it was y = -0.02x + 31.87 (R² = 0.96), respectively. This result validated the results
from the label-free fluorescent biosensor for detection of AIV H5N1 in PBS.
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Figure 6.10. Detection of AIV H5N1 in PBS. (A) rRT-PCR detection of AIV H5N1 from 2-1 to
24 HAU/50 µL. (B) Performance comparison of rRT-PCR and fluorescent biosensor at different
H5N1 titers. (C) Correlation between the Ct value acquired from rRT-PCR and the fluorescence
intensities acquired by the biosensor.
For detection in chicken tracheal swab sample, the average Ct values for 2-1, 20, 21, 22, 23,
and 24 HAU/50 µL were 29.91, 29.51, 28.74, 27.75, 26.35, and 24.84, respectively. The result for
chicken swab sample without spiked virus was N/A, meaning there was no signal for chicken
tracheal swab sample from healthy chicken. A linear relationship between cycle threshold y (cycle)
and logarithmic value of AIV H5N1 virus titer x (log2 HAU/50 µL) was established as y = -1.02x
+ 29.38 (R² = 0.96) in the range from 2-1 to 24 HAU/50 µL for AIV H5N1 in chicken tracheal swab
samples. Similar to the results of the developed fluorescent biosensor, the error bars for results in
chicken tracheal swab samples were generally larger than that in PBS. This was possibly due to
the inference in the chicken tracheal swab samples, such as inhibitors for PCR, enzymes that digest
RNA, etc.
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Again, linear relationship could be found between the Ct value acquired from rRT-PCR y
(cycle) and the fluorescence intensity x (count) acquired by the biosensor, as shown in Figure
6.11(C). The correlation was y = = -0.02x + 32.55 (R² = 0.98) from 2-1 to 24 HAU/50. This result
of rRT-PCR validated the results from the label-free fluorescent biosensor for detection of AIV
H5N1 in chicken tracheal swab samples.

Figure 6.11. Detection of AIV H5N1 in chicken tracheal swab samples. (A) rRT-PCR detection
of AIV H5N1 from 2-1 to 24 HAU/50 µL. (B) Performance comparison of rRT-PCR and
fluorescent biosensor at different H5N1 titers. (C) Correlation between the Ct value acquired
from rRT-PCR and the fluorescence intensities acquired by the biosensor.
6.4.6 Comparison of the fluorescent biosensor with rRT-PCR.
Using the results obtained in PBS as the “standard”, the results in chicken tracheal swab
samples could be evaluated: the recovery rate could be calculated by dividing the result with PBS
by that with chicken tracheal swab sample for rRT-PCR, and by dividing the result with chicken
swab sample by that with PBS for the fluorescent biosensor. The results are shown in Table 6.2.
The biosensor had an acceptable recovery rate from 83% to 96%. Again, it is likely that the
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interfering particles in the chicken tracheal swab samples non-specifically coated on the aptamers
on AuNCs and hindered the binding between the aptamers and the target virus, and in this way the
fluorescence signals in chicken tracheal swab samples were slightly less than that in PBS.
Table 6.2. Recovery rate of both the rRT-PCR and the fluorescent biosensor.
Virus titer
(HAU/50 µL)
0.5
1
2
4
8
16

rRT-PCR
Average
Range (%)
recovery (%)
103
101-105
101
99-103
100
98-101
99
97-100
99
98-99
99
99-100

Biosensor
Average
Range (%)
recovery (%)
83
79-91
89
88-94
90
80-107
87
75-103
96
93-102
91
88-94

As shown in Figure 6.5, significance of the fluorescence signals of adjacent titers in PBS
could be observed. However, the fluorescent biosensor had much larger error bars in detection of
chicken tracheal swab samples in Figure 6.7, and compared to the rRT-PCR method, the
fluorescent biosensor is not as good in repeatability for detection of AIV H5N1 in chicken tracheal
swab samples. Other items such as LOD, average recovery and time needed are listed in Table 6.3.
The LOD was determined considering samples with Ct values less than 30 were positive (Karash
et al., 2016), and the LOD of the rRT-PCR methods for samples in PBS and chicken tracheal swab
samples were 0.9 HAU/50 µL and 0.7 HAU/50 µL, respectively. Compared to the rRT-PCR
method, the fluorescent biosensor has LOD that are very similar in PBS and chicken tracheal swab
samples. However, the fluorescent biosensor had much simpler and faster sample pretreatment
(filtration) compared to rRT-PCR (RNA extraction), and also faster sample reaction/incubation
time. Overall, the fluorescent biosensor could finish detection of AIV H5N1 with simple steps and
less time, and achieve a similar LOD compared to rRT-PCR, but the recovery rate and repeatability
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is not as good as rRT-PCR in chicken tracheal swab samples. Therefore, further studies on sample
pretreatment should be considered to improve the fluorescent biosensor for detection of AIV H5N1
in chicken tracheal swab samples.
Table 6.3. Comparison of the fluorescent biosensor for detection of AIV H5N1 with rRT-PCR.
Item
LOD (HAU/50 µL)
Average recovery (%)
Sample pretreatment
time
Sample reaction time
Total detection time

rRT-PCR
0.9 (PBS); 0.7 (swab sample)
100

Fluorescent biosensor
0.1 (PBS); 0.7 (swab sample)
89

1h

1 min

4h
5h

40 min
50 min

6.5 Conclusions
In this study, a biosensor for detection of AIV H5N1 was developed using a mechanism of
target-triggered release of cargo molecules, where specifically selected aptamers for the AIV
H5N1 virus was used as the biosensing element and also the target-triggered “gate”, and rhodamine
B was used as the cargo molecules for fluorescence signals. To legitimize the fluorescence
detection results, theoretical analysis with reasonable assumptions was conducted based on the
target-triggered release of cargo molecules. The fluorescent biosensor had a linear detection range
of 2-3 to 24 HAU/50 µL and a detection limit of 0.1 HAU/50 µL for AIV H5N1 in PBS, and a
linear detection range of 20 to 24 HAU/50 µL and a detection limit of 0.7 HAU/50 µL for AIV
H5N1 in chicken tracheal swab samples. The experimental results were consistent to the
theoretical analysis, and indicated that at 24 HAU/50 µL, each H5N1 virus was able to completely
open 250 AuNCs and release the rhodamine B inside. The releasing rate from each AuNC was
estimated to be 4 molecules/min. The specificity of the biosensor was validated against avian
influenza virus H1N1, H2N2, H5N2, and H7N2 at 20 HAU/50 µL. Parallel tests using rRT-PCR
were conducted to confirm different viral titers, and the results acquired by the biosensor was a
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good projection of the standard method. The fluorescent biosensor achieved comparable LOD to
rRT-PCR the method within 50 min, but experienced larger variance during the detection of AIV
H5N1 in chicken tracheal swab samples. This biosensing method has great potential for
simultaneous detection of various targets such as proteins and viruses using their specific aptamers
and fluorophores with different emission wavelengths loaded in AuNCs for each of the desired
targets.
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Chapter 7 Conclusions
In this dissertation, three research projects were conducted to develop biosensing methods
and biosensing device for detection of Salmonella Typhimurium, thrombin, and avian influenza
virus H5N1.
In the first study, a portable biosensing device for simple, rapid, and quantitative detection
of Salmonella Typhimurium was successfully developed. The device was able to detect S.
Typhimurium cells in less than 1 h with a LOD of 5.4  102 CFU/mL. This device only required
one manual pipetting to help suspend the MNP-bacteria-QDB complexes in the detection process,
and showed the potential for in-field application of Salmonella detection and simultaneous
detection of multiple target bacteria using their specific antibodies and fluorescent labels with
different emission wavelengths. The sensitivity and LOD of the device could be further improved
by more accurately controlling the optical path and the volume of PBS added as well as surface
modification.
In the second study, a biosensing method was developed using polyamidoamine loaded
AuNCs capped with aptamers to generate sensitive and specific response for thrombin detection,
and the choice of cargo molecules was made based on their size, weight, and stability. The labelfree QCM biosensor had a good linear range from 0.0086 nM to 86 nM with a LOD of 0.8 pM,
and a detection time of 1.5 h with simple operation. The biosensor was not interfered by the two
other proteins tested. The platform has the potential to be utilized for detection of other small
proteins with their specific aptamers.
In the third study, a biosensor for detection of avian influenza virus was developed based
on the target-triggered release mechanism proved in the second study, where specific aptamers
against AIV H5N1 were used as the biosensing element and also the target-triggered “gate”, and
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rhodamine B was used as the cargo molecules to generate fluorescence signals. To validate the
fluorescence detection results, theoretical analysis with reasonable assumptions was conducted
based on the target-triggered release of cargo molecules. The fluorescent biosensor had a linear
detection range of 2-3 to 24 HAU/50 µL and a detection limit of 0.1 HAU/50 µL for AIV H5N1 in
PBS, and a linear detection range of 20 to 24 HAU/50 µL and a detection limit of 0.7 HAU/50 µL
for AIV H5N1 in chicken tracheal swab samples. The experimental results were consistent with
the calculated results, indicating that each H5N1 virus was able to open the pores on the surface
of approximately 250 AuNCs and release the rhodamine B inside. The releasing rate from each
AuNC was estimated to be 4 molecules/min. The specificity of the biosensor for detection of AIV
H5N1 was validated against avian influenza virus H1N1, H2N2, H5N2, and H7N2 at a
concentration of 1 HAU/50 µL. Parallel tests using rRT-PCR indicated that the fluorescent
biosensor achieved a comparable LOD to rRT-PCR method within 50 min, but experienced larger
variation during the detection of AIV H5N1 in chicken tracheal swab samples. This biosensing
method has great potential for simultaneous detection of multiple targets such as different AIV
serotypes using their specific aptamers and fluorophores with different emission wavelengths
loaded in AuNCs for applications in food, agriculture, and the environment.
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Chapter 8 Recommendations
8.1 Recommendations on the fluorescent biosensing device for detection of Salmonella
The portable biosensing device in chapter 4 was able to detect Salmonella Typhimurium
in 1 h with a limit of detection of 5.4×102 CFU/mL. Considering the generation time of Salmonella
ranged from 20-35 min, it is recommended that a pre-enrichment step of 3-5 h incubation be added
prior to the test using the device, when the detection of lower number or even one single
Salmonella cell is needed.
In the magnetic separation module of the portable biosensing device, the magnetized
bacteria were captured in the magnetic field. To collect more bacterial cells, the magnetic
nanoparticles can be anchored to fixed positions of the magnetic field first, and then the sample
can continuously flow through the reaction chamber for the targets to get captured. In this way, a
sample with a larger volume could be used to further improve the limit of detection.
8.2 Recommendations on the QCM biosensor for detection of thrombin
The QCM biosensor in chapter 5 was able to detect thrombin in a sample inside a flow cell,
and therefore, theoretically there is no upper limit of the sample volume. This provides a good
platform for separation and detection of a large-volume sample, which has the potential of better
sensitivity when detecting targets at a very low concentration. A large-volume sample such as in
5 mL could pass through the QCM electrode in several rounds to increase the targets captured by
the aptamers and thus open more AuNCs for detectable signals. Increasing the volume amount
could in turn improve the sensitivity of the biosensor.
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8.3 Recommendations on the fluorescent biosensor for detection of avian influenza virus
H5N1
The fluorescent biosensor in chapter 6 aimed at fluorescence detection of AIV H5N1 in
chicken tracheal swab samples. The samples containing H5N1 virus were directly mixed with
rhodamine B loaded AuNCs, and the supernatant were collected after centrifugation for
fluorescence detection. It is recommended to add one step of magnetic separation for AIV H5N1
to minimize the background noise from chicken tracheal swab samples. Meanwhile, the biosensor
is limited to a laboratory setting since one step of centrifuge is needed for getting rid of the AuNCs
before the fluorescence measurement. To develop a portable research prototype of the biosensor
for detection of AIV H5N1, the AuNCs could be combined with magnetic nanoparticles and thus
magnetic separation could be performed to get rid of the AuNCs without a centrifuge.
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Appendices
Appendix 1 Supplymentary information for chapter 4
Table A.1. Estimated cost of the biosensing device.
Item
USB4000 spectrometer
Optical fiber probe
Light source
Peristaltic pump × 2
Solenoid valve
Stepper motor & parts
Adafruit Motor Shield V2
board × 2
Arduino board
Plastic storage case
Roller × 4
Guide rail
Parts (power cord, wires,
tapes, bottles, tubing, etc.)
N42 magnet × 4
Total

Specification(s)
200-1,100 nm, 0.1 to 10 nm
(FWHM)
200-1,100 nm
405 nm, 3-5 VDC
0 to 0.7 mL/min, 4-12 VDC

Cost ($)

Source

3,500.00
559.00
13.19
116.00

<0.3 Mpa, 12 VDC
200 steps per revolution, 12 V

37.41
30.00

Ocean Optics, Inc.
Ocean Optics, Inc.
lights88-Amazon
APT Instruments
Orange Coast
Pneumatics
Adafruit Industries

34 × 25 × 14 cm
-

18.95
16.98
48.77
70.00
23.43

Arduino
Arduino
McMaster-Carr
McMaster-Carr
McMaster-Carr

NdFeB, Grade N42
-

20.00
1.72
K&J Magnetics
4,455.45 -
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Table A.2. Estimated cost of the consumables per sample using the biosensing device.
Item
Quantum dot beads
(QDB)

Specification(s)
d = 150 nm, λem = 620 nm,
10 mg/ml

MSDC

13 × 12.7 × 9 mm, 3D
printed

Purified polyclonal
antibody
Biotin conjugated
polyclonal antibody
Streptavidin coated
magnetic
nanoparticles (MNP)
Protein A
Other
Total

Cost ($)

Source

1.50

Ocean NanoTech

1.00

Dr. Steve Tung's Lab
doi: 10.13031/trans.13245

4-5 mg/mL, rabbit antibody 0.74

Meridian Life Science

4-5 mg/mL, rabbit antibody 0.31

Meridian Life Science

d = 100 nm, 1mg/ml

0.60

Ocean NanoTech

0.42

Sigma-Aldrich

0.05
4.61

-

from Staphylococcus
aureus
-
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Appendix 2 Supplymentary information for chapter 6
A2.1 Calculation of AIV H5N1-triggered release of rhodamine B
The number of AuNCs used in each test. When loading AuNCs with dyes, 200 µL of 3
nM AuNCs were incubated with rhodamine B and eventually resuspended in 75 µL of PBS.
Therefore, the final concentration of AuNCs used was 8 nM. For fluorescent detection of AIV
H5N1, 50 µL of 8 nM AuNCs were mixed with 50 µL of sample, and the amount of substance of
AuNCs would be n(AuNC) = V(AuNC) × c(AuNC) = 4 × 10-13 mol. The number of AuNCs would be
N(AuNC) = n(AuNC) × NA = 2.4 × 1011.
The number of rhodamine B molecules released. When rhodamine B was loaded into
the AuNCs, 3 nM AuNCs were immersed in 200 µL of 3 mM rhodamine B overnight. Two
assumptions could be made: (1) all AuNCs with an average size of 45 nm are the same 45 nm ×
45 nm × 45 nm cubes; and (2) all the rhodamine B molecules were dispersed evenly in homogenous
solution inside AuNCs after overnight incubation and loading. The amount of substance of
rhodamine B inside each AuNC would be n(rhodamine B per AuNC) = V(AuNC) × c(rhodamine B) = 2.7338 ×
10-22 mol. The number of rhodamine B inside each AuNC would be N(rhodamine B per AuNC) = n(rhodamine
B per AuNC) × NA = 165. If all rhodamine B molecules were released from all AuNCs, the

total amount

of rhodamine B would be N((rhodamine B) = N(rhodamine B per AuNC) × N(AuNC) = 4.0 × 1013.
The number of binding sites on AIV H5N1. Since the H5N1 aptamer sequence used in
this study was developed targeting hemagglutinin (HA) in the first several rounds of SELEX, and
showed strong binding affinity for HA (Wang et al., 2013), consider HA protein is the only target
of the aptamer. The number of HA spikes on an influenza A virion is around 400-420 (Lamb,
2008). To simplify the calculation process, take the average number of 410 as the number of HA
proteins on each H5N1 virion.

137

It is likely that each HA protein could bind multiple aptamers. Based on the fact that many
sandwich-based assays for HA detection have been developed (Chen et al., 2015; Wang et al.,
2019; Wang et al., 2020), it is certain that there are many binding sites available on each HA
protein. Specifically, there are also aptamer-aptamer sandwich assays for proteins using the same
aptamers for both protein capturing and labeling, which showed that even the same aptamers could
have more than one binding site on the target protein; one study on coat protein of redspotted
grouper nervous necrosis virus speculated that there might be multiple binding sites on the protein
for their aptamers, which might partially be explained by the fact that aptamers are in general
smaller than antibodies (Ruslinda et al., 2012; Wang et al., 2009; Zhou et al., 2017). More
specifically, on HA protein from influenza A virus, a study reported that two of the aptamers they
developed were both able to support sandwich detection as the only kind of aptamer in the system.
Therefore, they speculated that HA have more than one binding site for aptamers (Shiratori et al.,
2014).
According to a study on the surface glycoproteins distribution on avian influenza virus
H3N2 (A/Aichi/68 X-31) (Wasilewski, Calder, Grant, & Rosenthal, 2012), HA glycoproteins were
13 nm long spikes and 7 nm at their widest, and a simplified model of HA distribution on the virion
could be built with a layer one HA molecule thick beyond the membrane. Another study showed
that the HA glycoproteins could be simplified as cylinder shapes (Sriwilaijaroen & Suzuki, 2012).
Assume H5N1 has a similar HA structure and distribution as H3N2, then HA protein on H5N1
could be simplified as cylinders that are 7 nm in diameter and 13 nm in height. According to
Wasilewski’s model (2012), there was enough room for each HA to bind at least one Fab fragment
of antibody, and many HA had room to bind 3 Fab fragments without chasing into another HA
position. Considering the overall size of antibodies (150–180 kDa, 15 nm) is larger than aptamers
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(6–30 kDa, 2 nm) (Zhou et al., 2017), the number of aptamers that could bind to one HA proteins
could be as low as 1, or as high as more than 20. To simplify the calculation process, use 10 as the
number of aptamers that each HA protein could bind. Therefore, assume there are a total of 410 ×
10 = 4,100 binding sites for aptamers on a H5N1 virion.
The number of AIV H5N1 in the sample. 1 HAU is approximately the equivalent of 3 ×
106 – 2 × 107 viral particles/mL, or even more (Arstila, 1976; Mäntyjärvi, Arstila, & Meurman,
1972; Smith & Benyesh-Melnick, 1961). To simplify the calculation process, it is estimated that
there are 1.6 × 108 virus particles in a sample of 24 HAU.
The number of DNA probes immobilized on each side of an AuNC. During the
immobilization process, two kinds of DNA probes with thiol groups at their ends were added to
AuNCs. First, to estimate the number of gold atoms on each AuNC surface, assume AuNCs are
45 nm × 45 nm × 45 nm cubes; The average pores are 5 nm in size, and according to the TEM
images of AuNCs, there are around 5 pores per side, which is a total of 30 pores per cage. The
surface area of one side on AuNC with 5 pores on this side is S(AuNC per side) = (45 nm)2 – 5π × (2.5
nm)2 = 1.9×10-15 m2. Gold possesses face-centered cubic structure, and there are 2 gold atoms in
each unit cell. The lattice constant of gold is 4.08×10-10 m. On each side of the gold unit cell, there
are two gold atoms, which would take up an area of S(2 Au) = (4.08 × 10-10 m)2 = 1.6×10-19 m2.
Therefore, the total number of gold atoms on each side of the AuNC is N(Au per side) = 2 × S(AuNC)/S(2
Au)

= 23,150. This is the maximum number of DNA probes that could be immobilized on one side

of the AuNC surface. However, the hindrance among DNA probes should be taken into
consideration. According to a study on self-assembled monolayers on gold surface, the surface
coverage of single-stranded DNA (15 bases, 10 µM) on gold was 5.1 × 10-11 mol/cm2 (Li et al.,
2014), and other studies had similar results (Gong et al., 2006; Li et al., 2011). Since the DNA
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probes (6.25 µM) used for AuNC functionalization also had 15 bases, estimate that the surface
coverage of DNA probes on AuNCs is 6.25/10 × 5.1 × 10-11 mol/cm2 = 3.19 × 10-11 mol/cm2, and
therefore, the total number of DNA probes on each side of AuNC is 389. Since the amount of two
kinds of DNA probes during the immobilization step was the same, most likely, the amount of the
two kinds of DNA probes immobilized on each AuNC is the same as well. Therefore, the number
of each kind of DNA probes is 194. The amount of all DNA probes on all the AuNCs is 9.3 × 1010

mol, with 4.7 × 10-10 mol for each kind of DNA probes.
The number of aptamers on each side of an AuNC. Two kinds of DNA probes with

complementary sequences to both ends of the aptamers were immobilized on the AuNCs through
gold-thiol bond. Aptamers were added to cap the pores on AuNCs, if both ends of the aptamers
could hybridize to DNA probes. For each aptamer, there are three possibilities: hybridize with two
DNA probes, hybridize with one DNA probe, or not hybridize at all. The amount of aptamers
added into the AuNCs was 2.5 × 10-9 mol, which is around 5 times the amount of each kind of
DNA probes immobilized on AuNCs. Therefore, estimate that each aptamer was able to bind to at
least 1 DNA probe. Then the probability for each aptamer to bind to both DNA probes at the same
time is 20% (for each aptamer that already hybridized with one DNA probe, it needs to then
compete with 4 other free aptamers). Therefore, the number of aptamers on each side of AuNC
that bind to both DNA probes is 194 × 20% = 39.
The number of aptamers successfully capped a pore on each side of an AuNC. First,
the maximum length of each aptamer could be estimated: The aptamer for H5N1 has 73
nucleotides, and the length per base is around 0.676 nm (Chi et al., 2013). Therefore, an aptamer
is around 49 nm in length, when no secondary structure is formed. (It is noted that the previous
statement of aptamer was 2 nm in size referred to its width, not length.) In reality, the H5N1
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aptamers used in this study could form secondary structure with hairpin loops (Wang et al., 2013),
and therefore on a 2D scale, the “length” of the aptamers would be less than half of the linear
length, but more than the diameter of a full circle formed by the aptamer, which is 15.6 - 24.5 nm.
Also, in reality there would be 3D folding of the aptamers (Nutiu et al., 2003). Considering these
factors, to simplify the calculation process, it is estimated that each aptamer is 15 nm in overall
“length”.
The DNA probes were immobilized on the AuNCs around the pores, and when aptamers
hybridize with the DNA probes on the two sides of the pores, the pores could be capped by the
aptamers, and the release of rhodamine B inside the AuNCs will be blocked. To determine the
amount of aptamers that could cap the pores on AuNC, it could be estimated that aptamers could
cover a maximum diameter of 15 + 5 = 20 nm around the pores. An illustration is shown in Figure
A.1. Divide this area into 8 sections, and assume only when an aptamer that bind to two DNA
probes in the “opposite” areas (i.e. for area 1, areas 4, 5, and 6 would work) could this aptamer cap
the pore underneath, then 3/8 of the aptamers in this area would cap a pore. The number of
aptamers in each 20 nm area is estimated to be [π(20/2 nm)2- π(5/2 nm)2]/ S(AuNC per side) × 39 = 6;
the estimated number of aptamers that could cap one pore is 6 × 3/8 = 2.3.

Figure A.1. An illustration of a pore with a diameter of 5 nm on the AuNC surface and the
surrounding area of 20 nm diameter.
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A discussion of AIV H5N1 releasing rhodamine B molecules from AuNCs. To sum up
the above estimation and calculations, there are following relationships:
(1) Based on the estimation from other studies, a sample of 24 HAU/50 µL contains 1.6 × 108
virions.
(2) Based on the experimental procedure, assuming homogenous distribution of rhodamine B,
each AuNC contains 165 rhodamine B molecules.
(3) Based on the experimental procedure, there were 2.4 × 1011 AuNCs added in each test, and
could release a maximum number of 4.0 × 1013 rhodamine B molecules.
(4) Based on the viral structure and HA protein binding assays reported in other studies, each
virus particle has 410 HA proteins, and could bind to 4,100 aptamers.
(5) Based on the structural discussion of aptamers from other studies, and an assumption that
only aptamers hybridizing with DNA probes from “opposite” areas around each pore could
cap the pore, each pore on the AuNCs were capped by 2.3 aptamers.
Also, to simplify the process, assume even the opening of one pore on an AuNC would
lead to the complete release of rhodamine B molecules. Since AuNCs were centrifuged into a
pellet and thus separated from the supernatant, it is reasonable to assume that all the rhodamine B
molecules were retrieved along with the supernatant.
For maximum estimation of rhodamine B release, as each pore is estimated to be capped
by 2.3 aptamers, even the dissociate of 1 aptamer could possibly lead to the releasing of rhodamine
B molecules from AuNCs, and thus one H5N1 with 4100 binding sites could open a maximum of
4,100 pores. If these 4,100 pores were from 4,100 different AuNCs, then the number of rhodamine
B molecules that each virus could release would be 4,100 × 165 = 676,500. For minimum
estimation of rhodamine B release, if all the 2.3 aptamers on each pore need to dissociate from

142

DNA probes to open this pore, then a H5N1 virion with 4,100 binding sites would be able to open
1,783 pores (of course, not all binding sites could be put into use, and this number could be less).
The minimum number of AuNCs involved is 1,783/30 = 59, and thus release 59 × 165 = 9,735
rhodamine B molecules. In summary, each H5N1 could release 9,735 to 676,500 rhodamine B
molecules.
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